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Multi-Cellular And Multi-Scale Approaches For Cartilage Repair
Abstract
To date, there are no surgical interventions that can fully restore damaged cartilage. While the field of
tissue engineering has emerged as a potential solution, there exist numerous shortcomings in existing
technologies. This thesis addresses some of these shortcomings by developing multi-cellular and multiscale approaches to advance technologies for cartilage repair. For instance, co-culture systems have
recently been introduced as a novel tissue engineering strategy for cartilage repair. We show here that a
small pool of young/healthy chondrocytes (CH) can rejuvenate a larger pool of older/infirm mesenchymal
stem cells (MSC), improving matrix deposition while suppressing MSC hypertrophic conversion. This
resolves the deficiency of CH supply as well as phenotypic instability and age-related decline in potential
of MSCs. Biomimetic design in cartilage tissue engineering is yet another challenge, given the complexity
of the native tissue. While articular cartilage is a highly stratified tissue with depth-dependent properties,
most cell-laden cartilage constructs described in the literature simply recapitulate bulk functional
properties without morphologic recapitulation. Here, we develop a layer-by-layer fabrication strategy to
promote depth dependent tissue formation and function. We also introduce a novel method to properly
transport nutrients and wastes into/out of engineered constructs. Finally, another equally important
aspect in designing engineered cartilage tissue is clinical translation. In this, the simplicity of application,
including ease of handling and preparation, and methods for implantation in situ, are required for clinical
translation. To address this, we developed a micro-scale co-culture system that can be easily fabricated
and delivered into cartilage defects in the context of current clinical cartilage repair procedures.
Collectively, the thesis advances our understanding of the chondrogenic capacity of MSCs, introduces
various methods to improve MSC chondrogenesis (using chemical and natural factors), and identifies
some of the underlying mechanisms regulating this process. Further, this work introduces novel methods
to fabricate engineered cartilage to mimic the structure of native tissue as well as clinical relevant
methods to couple tissue engineering efforts with current clinical practice. These innovative approaches
may aid the many patients who suffer from cartilage disease by enhancing cartilage tissue engineering
strategies and reducing them to clinical practice.
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ABSTRACT
MULTI-CELLULAR AND MULTI-SCALE APPROACHES FOR CARTILAGE REPAIR
Minwook Kim
Robert L. Mauck

To date, there are no surgical interventions that can fully restore damaged cartilage.
While the field of tissue engineering has emerged as a potential solution, there exist
numerous shortcomings in existing technologies. This thesis addresses some of these
shortcomings by developing multi-cellular and multi-scale approaches to advance
technologies for cartilage repair. For instance, co-culture systems have recently been
introduced as a novel tissue engineering strategy for cartilage repair. We show here that
a small pool of young/healthy chondrocytes (CH) can rejuvenate a larger pool of
older/infirm mesenchymal stem cells (MSC), improving matrix deposition while
suppressing MSC hypertrophic conversion. This resolves the deficiency of CH supply as
well as phenotypic instability and age-related decline in potential of MSCs. Biomimetic
design in cartilage tissue engineering is yet another challenge, given the complexity of
the native tissue. While articular cartilage is a highly stratified tissue with depthdependent properties, most cell-laden cartilage constructs described in the literature
simply recapitulate bulk functional properties without morphologic recapitulation. Here,
we develop a layer-by-layer fabrication strategy to promote depth dependent tissue
formation and function. We also introduce a novel method to properly transport nutrients
and wastes into/out of engineered constructs. Finally, another equally important aspect
in designing engineered cartilage tissue is clinical translation. In this, the simplicity of
application, including ease of handling and preparation, and methods for implantation in
v

situ, are required for clinical translation. To address this, we developed a micro-scale coculture system that can be easily fabricated and delivered into cartilage defects in the
context of current clinical cartilage repair procedures. Collectively, the thesis advances
our understanding of the chondrogenic capacity of MSCs, introduces various methods to
improve MSC chondrogenesis (using chemical and natural factors), and identifies some
of the underlying mechanisms regulating this process. Further, this work introduces
novel methods to fabricate engineered cartilage to mimic the structure of native tissue as
well as clinical relevant methods to couple tissue engineering efforts with current clinical
practice. These innovative approaches may aid the many patients who suffer from
cartilage disease by enhancing cartilage tissue engineering strategies and reducing
them to clinical practice.
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CHAPTER 1: Introduction

Articular cartilage is a dense connective tissue that provides a smooth and lubricated
surface for articulation. Due to its avascular nature, cartilage has a limited self-healing
capacity. When cartilage damage is initiated, the degradation progress is irreversible
and often results in widespread and permanent degeneration, a condition termed
osteoarthritis (OA). To intervene in this process, surgical repair strategies are often
necessary, depending on the size of defect, age of patients and/or disease status.
However, no surgical interventions have been fully successful for cartilage repair, and
this raises an urgent demand for novel strategies using tissue engineering principles.

In cell-based cartilage tissue engineering, chondrocytes (CHs) are a primary source for
cartilage tissue engineering and have been found to be superior to mesenchymal stem
cells (MSCs) in matrix production and stability of phenotype. However, CH are in limited
supply and donor site morbidity generally limits their use. Thus, MSCs are an attractive
alternative cell source, as they are readily expandable, easy to obtain, and can undergo
chondrogenesis. Given these characteristics, the use of MSCs in engineering cartilage
tissue has been considered as a promising alternative. Indeed, these cells can generate
cartilage-like repair cartilage tissue when placed in combination with a variety of 3D
platforms. Our own data show that healthy, young MSCs seeded in 3D hydrogels can
produce robust extracellular matrix with comparable mechanical properties and
biochemical content to native cartilage.

However, one limitation of MSC-based tissue engineering is that the chondrogenic
capacity of MSCs is attenuated with aging. Further, there exists a noted donor-to-donor
variability, which may hinder reliable functional outcomes and will need to be further
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investigated using multiple donors when considering clinical applications. MSCs are also
multi-potent, and so are susceptible to changing their phenotype in response to changes
in their microenvironment (e.g., chemical factors and mechanical stimulation). These
cells are therefore most often cultured in a chemically defined media condition (MSCfriendly). However, for clinical application, these same MSCs need to be viable, maintain
a stable phenotype, and accumulate robust matrix in the joint space, where anabolic and
catabolic signals are mixed. Thus, the chondrogenic capacity of MSCs needs to be
optimized under both defined conditions as well as in environments that mimic native
growth conditions (e.g., serum containing media). Since people suffering from OA are
mostly the aged populations, restoring chondrogenic capacity of adult MSCs is critical.

Despite the current endeavors and accomplishments, one remaining challenge is to
recapitulate the native structure of cartilage, including its cellular organization,
distribution of extracellular matrix proteins (e.g., collagen and proteoglycan), and depthdependent functional properties that will be crucial for successful integration under the
dynamic loading condition. Since the choice of surgical procedure depends on the size
of the cartilage defect, fabrication of engineered constructs also needs to address the
varying size, repair depths, and locations of defects. Recently, several studies have
demonstrated the growth of larger/thicker constructs, with some being anatomically
shaped. However, one critical challenge is to improve nutrient transport to the cells in
these larger constructs during in vitro cultivation.

This is particularly critical for

constructs based on MSCs, which are more susceptible to cell death in response to
challenging nutrient environments.

Finally, another equally important aspect in engineering cartilage tissue is to make these
new technologies relevant for clinical application. To make tissue engineering
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approaches readily applicable, novel designs may need to be somewhat simplified, while
at the same time addressing limitations that are experienced with current clinical
procedures (e.g., microfracture or ACI) while combining novel concepts in basic science
with clinical practice.

Given these limitations and challenges, the overall objectives of this thesis was to first
understand the chondrogenic capacity of MSCs in 3D hydrogels, to optimize functional
maturation of MSC-laden constructs by understanding nutrient components that are
responsible for anabolic and catabolic activities by MSCs, especially in conditions
mimicking the in vivo environment, develop tissue engineered constructs that
recapitulate native structure and function by mimicking structural complexity, and finally
fabricate engineered constructs that are rather simple but readily applicable and most
suitable for clinical application in combination with current clinical procedures.

Chapter 2 will provide a brief background on the basic science of articular cartilage,
cartilage pathology, and current approaches in cartilage tissue engineering.

In Chapter 3, to investigate chondrogenic capacity of MSCs, we derived human MSCs
(hMSCs) from eight donors, spanning a range of ages and disease conditions, and
evaluated their ability to undergo chondrogenesis in pellet culture and in HA hydrogels.
Based on findings from initial studies, we next evaluated the impact of variation in cell
and HA macromer concentration on functional outcomes. Finally, given our observation
of overt gel contraction for some donors, we reduced cytoskeletal tension during
chondrogenesis to stabilize construct dimensions while preserving functional outcomes.
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In Chapter 4, given the donor variability of human populations and inferiority in matrix
accumulation, we changed cell sources to young/healthy bovine MSCs and explored the
optimal delivery of TGF-β3 to promote functional outcomes of MSC-laden constructs.
We specifically explored short term exposure at very high doses (10, 50 and 100 ng/mL)
and durations (3, 7, 21 and 63 days) to determine the most optimal timing and dose to
deliver to promote tissue formation.

While TGF-β3 is a known factor in MSC chondrogenesis, Chapter 5 investigates the
maturation of mesenchymal stem cell (MSC)-laden HA constructs with various
combinations of chemically defined media (CM) components, and determines the impact
of dexamethasone and serum on construct properties. For this, constructs were cultured
in CM+ (chemically defined media (CM) supplemented w/ TGF-β3), CM in the absence
of dexamethasone (DEX-) or a serum substitute (ITS/BSA/LA-), or in serum containing
media (Serum+). Next, constructs were cultured in CM+ or DEX- for 4 weeks, and
continuously maintained or transferred to CM+ or DEX- for the following 4 weeks.
Finally, constructs were cultured for 4 weeks in CM+ and maintained in CM+ or
transferred to Serum+ with or without dexamethasone for the following 4 weeks.

In addition to synthetic factors in culture media, we investigated the effect of natural
molecular factors secreted from primary cells on MSCs. In Chapter 6, we investigated
the influence of co-culture of zonal CHs on MSC chondrogenesis and explored the agedependence of this phenomenon. Next, we identified the distance over which the
molecular factors can act to induce the co-culture effect and determined how these
factors are transferred between signaling and target cells. Zonal CHs and MSCs were
isolated from bovine cartilage or bone marrow, expanded in a serum containing basal
medium (BM) during 2D expansion (TCP) and cultured in a chemically defined medium
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(CM) with TGF (CM+; 10 ng/mL) during 3D culture (HA hydrogel). To track cell
populations, each cell type was labeled with a fluorescent dye and analyzed by confocal
microscopy and fluorescent activated cells sorting (FACS). Finally, to identify delivery
mechanisms, we manipulated cellular communication between subpopulations using
inhibitors of vesicular production, release, and binding.

Based on the findings on the importance of intercellular mechanisms in the functional
maturation of cell-laden hydrogels from Chapter 6, In Chapter 7, we fabricated trilayered constructs that recapitulated the depth-dependent cellular organization and
functional properties of native tissue, using zonally derived chondrocytes co-cultured
with MSCs. We also introduced porous hollow fibers (HFs) and HFs/cotton threads to
enhance nutrient transport.

To develop engineered cartilage with clinical relevance, in Chapter 8, we developed a
CH-laden micro-scale noodle-shaped construct (i.e., micro-noodle) that can be readily
implemented in the context of microfracture, allowing endogenous MSCs from the
underlying bone marrow to migrate into the defect and percolate into a micro-noodle
fiber weave. We report on the chondrogenic capacity of adult porcine CHs and MSCs,
design and fabricate micro-noodles, demonstrate their chondro-inductive capacity in an
environment mimicking microfracture (MSC-laden fibrin gel), and evaluate the retention
of micro-noodles in an in vivo large animal model of cartilage repair.

Finally, Chapter 9 contains a summary of the major findings from this work and a
discussion of its implications for the field of cartilage therapeutics and regenerative
medicine as well as future research directions.
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CHAPTER 2: Background

2.1 Articular Cartilage
2.1.1 Function and composition
Articular cartilage is a connective tissue covering the ends of long bones. In humans,
cartilage ranges from 4-7 mm thick (Ateshian, Soslowsky et al. 1991, Eckstein,
Gavazzeni et al. 1996, O'Connell, Lima et al. 2012). Articular cartilage gives rise to a
nearly friction-free surface that has great load-bearing properties responsible for
resisting compressive forces and distributing loads (Nieminen, Toyras et al. 2000,
Rieppo, Toyras et al. 2003). The compressive modulus of cartilage is approximately 0.10.2 MPa (unloaded), 4-5 MPa (walking) and 10-20 MPa (standing), respectively (Chen,
Falcovitz et al. 2001). The tensile modulus is 5-50 MPa and is derived from the collagen
content and network (Akizuki, Mow et al. 1986).

Articular cartilage is composed of water, chondrocytes and extracellular matrix (Muir
1970, Korhonen, Laasanen et al. 2003). Water is the most abundant component,
representing 65-80% (Wet Weight; WW) of the tissue (Maroudas and Bullough 1968,
Maroudas, Bullough et al. 1968). Chondrocytes (~1% of the total tissue volume) are the
primary cell type that produces and regulates extracellular matrix proteins and maintains
cartilage homeostasis (Broom and Marra 1986, Huber, Trattnig et al. 2000). The size,
shape and number of chondrocytes depend on the maturity and location in cartilage
matrix. Cartilage extracellular matrix (ECM) includes collagens and proteoglycans (PGs)
(Maroudas, Bullough et al. 1968, Korhonen, Laasanen et al. 2003). The ECM can be
classified into pericellular, territorial, and interterritorial matrices, depending on the
location the cells.
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Collagen (10-20% WW) is a fibrous protein, and type II collagen (80-90% of total
collagen) is the most abundant (Huber, Trattnig et al. 2000). Type VI, IX and XI
collagens are also present in cartilage, and are cross-linked between type II collagens to
stabilize and strengthen the collagen networks (Eyre 2002). A primary function of the
collagen mesh is to prevent the proteoglycan molecules from swelling beyond their
volumetric range (Eyre 2002). The tensile forces of the collagen network thus enable the
maintenance of balance between the osmotic swelling pressure from proteoglycans
(PGs) and the resistance to compressive forces (Bayliss, Osborne et al. 1999, Nieminen,
Toyras et al. 2000).

Proteoglycans such as aggrecan, decorin, biglycan and fibromodulin (Ueda, Baba et al.
2001) are macromolecules that impart creep and stress-relaxation function to the
cartilage (Korhonen, Laasanen et al. 2003), and aggrecan aggregate (4-7%WW) is the
most abundant (90% of total PG mass) (Bayliss, Osborne et al. 1999, Huber, Trattnig et
al. 2000, Theocharis, Tsara et al. 2001).

2.1.2 Structure
Cartilage structure varies not only in its molecular composition but also in the distribution
and organization of components from the articular surface to the bottom of the tissue.
The layers are termed superficial zone, middle (or transitional zone), deep (or radial
zone) and the calcified zone located in between the tidemark and subchondral bone
(Bhosale and Richardson 2008, Sophia Fox, Bedi et al. 2009). The superficial (or
tangential) zone is the thinnest zone and accounts for 10-20% of the entire thickness in
articular cartilage. It contains a low proteoglycan content, oval-shaped chondrocytes and
densely packed collagen fibers, with both cells and fibers being parallel to articular
surface (Huber, Trattnig et al. 2000, Sophia Fox, Bedi et al. 2009). The middle
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(transitional or intermediate) zone comprises 40-60% of the cartilage height.
Chondrocytes are spherically shaped and collagen fibers are thicker and randomly
oriented. Water content becomes decreased and proteoglycan content is increased. The
deep (radial) zone includes 30% of cartilage thickness from the bottom and a lower
content for both water and collagen. Chondrocytes are perpendicularly arranged to the
articular surface and proteoglycan content is the highest.

2.1.3 Pathology
Articular cartilage is also characterized as being hypocellular, aneural, alymphatic and
avascular (Buckwalter, Mankin et al. 2005). These characteristics result in a limited
capability to repair after injury often leading to a progressive disease called osteoarthritis
(OA) (Pritzker, Gay et al. 2006). OA is a musculoskeletal disorder characterized by
progressive deterioration of articular cartilage, which is accompanied by pain, stiffness
and limited joint motion. In 1994, the Center for Disease Control and Prevention (CDCP)
reported that by the year 2020, arthritis would be the most prevalent disease of new
patients in the United States. Approximately 20% of Americans (about 60 million people)
are at risk and more than 80% of people older than 75 years develop the symptoms of
OA. An annual loss for individuals in direct traditional medical costs and indirect
economic and wage loss from the disease has been reported in excess of $65 billion
(Jackson, Simon et al. 2001).

Articular cartilage can be degraded by continual loads, which lead to wear, tear and
fissure of the tissue (Martel-Pelletier 1998, Goldring 2012). Collagen network breakdown
and proteoglycan degradation are typical signs of cartilage degeneration leading to OA,
which result in decreased tensile strength in collagen fibers, increased water content and
proteoglycan loss (Rieppo, Toyras et al. 2003). The superficial zone is involved in the
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early stage of cartilage degradation and eventually progresses to the subchondral bone
(Rieppo, Toyras et al. 2003). These structural and compositional changes impair normal
joint function (Korhonen, Laasanen et al. 2003). OA is usually found in the hand, knee,
hip, foot, spine and other joints such as elbows, shoulders and toes. The risk factors for
the disease are generally thought to be aging, obesity, lower bone density, genetic
factors, trauma and repetitive stresses. Pain is attributed to joint movement and is
soothed by rest in the early stages of OA, but the pain becomes severe even at rest as
the disease progresses (Buckwalter, Mankin et al. 2005). Physical therapy, drug therapy
and surgery are currently used clinically to treat the disease, but with limited success. A
significant complication in the treatment of OA is the inability to diagnose the disease
process at an early stage, and the lack of methods to evaluate the tissue response to
therapeutic and tissue engineering interventions.

2.2 Differential regenerative potentials of zonal chondrocytes
The metabolic and matrix forming capacity of chondrocytes is different depending on
their original anatomic location through the depth. Previous studies have shown that
superficial zone (SZC) and deep zone chondrocytes (DZC) have distinct phenotypic
characteristics in monolayer (Aydelotte, Greenhill et al. 1988, Aydelotte and Kuettner
1988, Darling and Athanasiou 2005, Darling and Athanasiou 2005, Cheng, Conte et al.
2007, Jiang, Leong et al. 2008, Ng, Ateshian et al. 2009), pellet culture (Cheng, Conte et
al. 2007) and 3D hydrogels (Ng, Ateshian et al. 2009). DZC show greater PG
accumulation associated with larger cell diameters and high gene expression of runtrelated transcription factor-2 (RUNX2) as an indicator of a hypertrophic phenotype, in
comparison to SZC (Cheng, Conte et al. 2007). Further, Middle/DZC-laden 3D hydrogels
produced greater mechanical and biochemical (PG and collagen) properties than SZCladen hydrogels (Ng, Ateshian et al. 2009). These results confirm that articular zonal
9

chondrocytes cultured in vitro retain differential matrix forming capacity, which indicates
that there may be intrinsic differences in zonal articular chondrocytes.

2.3 Chondrogenesis of MSCs and CHs in co-culture
Over the past decade, numerous studies have investigated the effect of MSCs and CHs
in co-culture in various comparison groups, including species of cell sources (i.e.,
human, bovine, porcine or rabbit), proximity (i.e., direct- or non-contact), culture platform
(i.e., TCP, 2D scaffold [PCL], 3D pellet, beads or hydrogel) and cross-species conditions
(i.e., auto-, allo-, or xenogenic). With such a variety of experimental conditions, the
reported results have also been diverse. Fisher et al., and other groups have shown that
CHs promote MSC chondrogenesis (COL II, SOX 9) and functional properties, while
suppressing MSC hypertrophy (COL X, IHH) (Fischer, Dickhut et al. 2010, Aung, Gupta
et al. 2011, Bian, Zhai et al. 2011, Lai, Kajiyama et al. 2013, Sabatino, Santoro et al.
2015, Zhang, Su et al. 2015). Conversely, Xu et al., and others have reported that there
is no synergistic effect with co-culture in the absence of contact in both 2D (Transwell)
(Acharya, Adesida et al. 2012, Xu, Wang et al. 2013) and 3D (alginate bead) culture (Xu,
Wang et al. 2013) while Levorson et al., reported a synergistic effect in co-culture
without contact (2D PCL scaffold or 3D agarose gel) (Yang, Lee et al. 2012, Levorson,
Santoro et al. 2014). Interestingly, several groups have reported that there is a reciprocal
effect, where CHs and MSCs influence one another (Acharya, Adesida et al. 2012, Diao,
Yeung et al. 2013, Wu, Cai et al. 2013). Although these conclusions are somewhat at
variance with each other, one of the most consistent findings is that a direct cell-cell
contact or very close proximity is required to induce synergistic effects while the direction
of chondro-induction between MSCs and CHs as signaling and receiving cells (vice
versa) remains controversial (i.e., trophic effect) (Meretoja, Dahlin et al. 2012, Wu, Post
et al. 2015).
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2.4 Fabrication of multi-layered constructs to recapitulate zonal organization
Biomimetic design in cartilage tissue engineering is a challenge given the complexity of
native tissues (Buckwalter and Mankin 1998). Differences in matrix accumulation in
zonal CHs have motivated the novel cell-based strategies in cartilage tissue engineering.
Indeed, several studies have created multi-layered constructs, where respective zonal
CHs-laden hydrogel sublayers are combined in a “layer-by-layer” scheme, to mimic a
tissue morphology, cellular organization and depth-dependent heterogeneity of native
tissue (Kim, Sharma et al. 2003, Moutos, Freed et al. 2007, Klein, Rizzi et al. 2009, Ng,
Ateshian et al. 2009, Nguyen, Kudva et al. 2011, Schuurman, Klein et al. 2015). These
layered constructs exhibit cellular organization and depth-dependent functional
properties similar to native cartilage.

2.5 Methods to Improve Nutrient Transport in Cell-Laden Tissue Engineered
Cartilage Constructs
Another challenge in cartilage tissue engineering, particularly for hydrogel-based
constructs, is to improve nutrient transport. Due to the lack of nutrient and waste
transport into and out of the core of the construct, the distribution of matrix accumulation
in cell-laden hydrogels is usually inhomogeneous. It has been noted that greater and
stiffer matrix production is observed near the peripheral region while less and softer
matrix production occurs deep inside of the construct (O'Connell, Lima et al. 2012). To
improve nutrient transport and functional properties, several studies have reported on
the introduction of macro/micro channels (Bian, Angione et al. 2009, Buckley, Thorpe et
al. 2009) into the construct to create improved paths for nutrient diffusion as well as
dynamic loading (Kelly, Ng et al. 2006, Vaughan, Galie et al. 2013) to stimulate the fluid
movement into and out of the construct (Bian, Angione et al. 2009, Cigan, Nims et al.
2014). However, relatively early in culture channels can become filled with newly formed
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matrix blocking nutrient transport. Further, dynamic loading promotes the greatest fluid
exchange at the peripheral region, which further increases heterogeneity of matrix
properties (Kelly, Ng et al. 2006).
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CHAPTER 3: Donor-to-Donor Variability in Functional Chondrogenesis by Human
Mesenchymal Stem Cells in Hyaluronic Acid Hydrogels

3.1 Introduction
Cartilage tissue engineering aims to develop functional constructs to replace damaged
or degenerated tissues (Langer and Vacanti 1993). Although human chondrocytes have
been utilized as primary sources for cartilage repair, their availability and quality is
somewhat limited, especially when derived from arthritic donors (Dore, Pelletier et al.
1994, Yang, Saris et al. 2006, Cravero, Carlson et al. 2009). Given this, mesenchymal
stem cells (MSCs) have arisen as an attractive cell type for cartilage tissue engineering
as they are nearly unlimited in supply and can under chondrogenesis in a variety of 3D
platforms (Caplan 1991, Johnstone, Hering et al. 1998, Mackay, Beck et al. 1998,
Pittenger, Mackay et al. 1999). To date, there has been considerable progress towards
optimizing MSC chondrogenesis in 3D culture; however, much of this work has relied on
the use of MSCs from animal sources (Buckley, Thorpe et al. 2009, Erickson, Huang et
al. 2009, Huang, Farrell et al. 2010, Nakagawa, Muneta et al. 2016, Tangtrongsup and
Kisiday 2016).

From a clinical perspective, effective repair will depend on successful translation of
these findings to human MSCs (hMSCs), preferably those derived from an autologous
source. However, some have noted species-to-species variation in chondrogenic
potential, which may depend on the 3D microenvironment. For example, hMSCs
encapsulated within hydrogels lacking adhesion moieties show a marked loss in viability
with time, in contrast to bovine MSCs (Salinas, Cole et al. 2007). In addition, as
osteoarthritis (OA) and cartilage degeneration primarily affect the aged population
(Murphy, Dixon et al. 2002), optimization strategies must consider both the effect of age
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as well as the disease status of the donor cells. Studies suggest that the chondrogenic
potential of hMSCs cultured in pellet form may be independent of age, but that their
potential decreases with the onset of OA (Murphy, Dixon et al. 2002, Payne, Didiano et
al. 2010). The impact of age and disease on chondrogenesis in 3D culture has not yet
been well studied. In one recent study, we showed that healthy juvenile hMSCs in
photocrosslinkable hyaluronic acid (HA) hydrogels accrue functional properties with time
in culture (Chung, Beecham et al. 2009). HA hydrogels are a biologically relevant
material with easily tunable properties (Burdick, Chung et al. 2005, Sahoo, Chung et al.
2008, Chung and Burdick 2009). HA is a non-sulfated glycosaminoglycan (GAG) and
one of the major components of articular cartilage and consists of repeating
disaccharides of D-glucuronic acid and N-acetyl-D-glucosamine (Burdick, Chung et al.
2005, Fakhari and Berkland 2013). Studies have shown that HA provides a native like
microenvironment to MSCs (i.e., through the cell adhesion receptor, CD44) and can
enhance functional chondrogenesis compared to other synthetic hydrogels such as
poly(ethylene glycol) (PEG)

(Knudson and Loeser 2002, Chung and Burdick 2009,

Fakhari and Berkland 2013). Our group has likewise shown that juvenile bovine MSCs
(jbMSCs) ecapuslated in HA of

varying macromer density showed different levels

maturation (Erickson, Huang et al. 2009). While higher macromer densities (2 and 5%)
started out with superior properties, after 42 days of culture, 1% HA constructs matured
to the greatest extent.

Building from these studies, and to better elucidate the consistency of construct
maturation using hMSC donors and HA hydrogels, our first objective was to assess the
effects of age and disease status on functional chondrogenesis. Human MSCs derived
from seven different donors were cultured in HA hydrogels, and their functional
maturation was evaluated over time. In a subsequent study, and based on the marked
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contraction observed in some donors, our second objective was to determine whether
inhibition of cytoskeletal tension could block this contraction while promoting
chondrogenesis. In a final study, we sought to optimize donor-specific MSC
chondrogenesis by manipulating cell and macromer density. Our findings demonstrate
marked donor-to-donor variability by hMSCs in terms of their functional chondrogenesis
in HA hydrogels, and show that variation in cell and macromer density might be
employed to promote patient-specific cartilage repair.

3.2 Materials and Methods
3.2.1 Isolation and expansion of human MSCs
Human MSCs (hMSC) were obtained from several different sources (Table 3-1). Three
young/healthy donors were obtained either from a commercial vendor (Lonza,
Wakersville, MD) (18F, 21M, and 22F) or were sourced locally from a patient undergoing
treatment for osteochondritis dissecans (OCD). MSCs from five aged/OA donors were
obtained from bone marrow aspirates of patients undergoing total hip or knee
replacement. These patients ranged in age from 42 to 62. All locally sourced human
material was obtained with patient consent and under the auspices of an approved IRB
protocol at the University of Pennsylvania. MSCs were cultured and expanded to
passage 3-4 in basal media (BM) in order to obtain sufficient cell numbers for both
hydrogel encapsulation and pellet formation. BM consist of high glucose DMEM with
10%

fetal

bovine

serum

(Thermo

Scientific,

Grand

Island,

NY)

penicillin/streptomycin/Fungizone (PSF) (Thermo Scientific, Grand Island, NY).
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and

1%

Table 3-1: Details on human MSC donors and sourcing. (Y = young donor, O = old donor;
M = male, F = female; OCD = patient with osteochondritis dissecans; OA = patient
undergoing joint replacement surgery as a consequence of hip or knee OA)

3.2.2 MeHA synthesis
Synthesis of methacrylated hyaluronic acid (MeHA) was as previously described
(Burdick, Chung et al. 2005, Erickson, Huang et al. 2009). Briefly, methacrylic anhydride
(Sigma-Aldrich, St. Louis, MO) was reacted with 1 wt% HA (65 kDa MW; Lifecore,
Chaska, MN) dissolved in deionized water on ice while continuously maintaining pH at
8.0 via dropwise addition 5N NaOH (Sigma-Aldrich, St. Louis, MO) for 6 hours. After the
reaction was completed, the macromer solution was purified via dialysis (MW cutoff 6-8
k) against distilled water for one week, with changes to fresh water twice daily. The This
MeHA solution was then lyophilized, and the degree of modification was assessed by
NMR spectroscopy. Next, the lyophilized MeHA was dissolved in PBS with 0.05% w/v of
the photoinitiator I2959 (2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone,
Ciba-Geigy, Tarrytwon, NY) to enable UV-mediated photo-polymerization.

3.2.3 MSC encapsulation
Evaluation of donor-to-donor variability
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To investigate how MSC chondrogenic capacity varied amongst different human donors,
hMSCs were cultured in both pellet and HA hydrogel format. To culture in the pellet
format, 250,000 hMSCs from each donor were placed in a 96 well round-bottom
polypropylene plate (Nunc, Paperville, IL) and centrifuged at 300xg for 5 minutes. These
cell pellets aggregated over the first 24 hours, and were cultured in 200 µL/pellet a
chemically defined media (CM) for 2 and 4 weeks. CM consisted of high glucose DMEM
with 1x PSF; 0.1µM dexamethasone; 50 µg/mL ascorbate 2-phosphate; 40 µg/mL Lproline; 100 µg/mL sodium pyruvate; and 6.25 µg/mL insulin, 6.25 µg/mL transferrin,
6.25 ng/mL selenious acid, 1.25 mg/mL bovine serum albumin (BSA), and 5.35 µg/mL
linoleic acid. CM was supplemented with 10 ng/mL TGF-ß3 (CM+, R&D Systems,
Minneapolis, MN) to induce chondrogenesis, and media was changed twice weekly. For
HA hydrogel culture, hMSCs were suspended in MeHA solutions at 20 million cells/mL,
and MSC-laden MeHA suspensions were then cast in a gel casting device (spacers of
2.25mm) and photo-polymerized by UV exposure using a 365 nm Blak Ray UV lamp
(UVL-56, San Gabriel, CA) for 10 minutes (Erickson, Huang et al. 2009). Cylindrical
constructs (Ø4 mm × 2.25 mm) were cored from the gel and cultured in CM for 4 and 8
weeks, with media changed twice weekly.

Modulation of cell contractility in HA hydrogels
Because some donors tended to contract the HA hydrogel, a final study was performed
to determine whether inhibiting cytoskeletal tension in hMSCs in HA would prevent selfaggregation and promote a more even distribution of formed matrix. For this, hMSCs
were seeded in 1% HA hydrogel at 20 million cells/mL and cultured for 4 weeks in CM+
supplemented with Y27632 (10 μM; EMD Millipore, Darmstadt, Germany), a selective
inhibitor of the Rho-associated protein kinase/ROCK pathway. Media were changed
twice weekly, with fresh Y27632 added at each media change.
17

Optimization of cell and macromer density
In a subsequent study, to explore whether manipulating cell and macromer density could
stabilize

construct

geometry

while

promoting

functional

chondrogenesis,

one

young/healthy donor (Y2) was utilized. Cells from this donor were cast in HA hydrogels
at different cell (20 and 60 million cell/mL) and macromer (1, 1.5 and 2% MeHA)
densities and cultured in CM+ for 8 weeks. Media were changed twice weekly.

3.2.4 Mechanical testing
Unconfined compression testing was carried out to determine compressive equilibrium
(EY) and dynamic (|G*|) moduli of constructs as in (Mauck, Soltz et al. 2000).
Compressive modulus was determined via stress-relaxation applied at 0.05%/sec to
10% strain following a creep deformation to 0.02 N applied over 5 min. After gels
reached equilibrium, a 1% strain amplitude sinusoidal deformation was applied at 1.0 Hz
(Park, Hung et al. 2004). Prior to mechanical testing, the top and bottom surfaces of
constructs were carefully trimmed using a freezing stage microtome to ensure an even
contact surface. Equilibrium moduli were calculated from the stress relaxation test and
sample geometry, while the dynamic modulus was estimated from the dynamic
compression test and sample geometry, as outlined in (Soltz and Ateshian 1998).

3.2.5 Biochemical analysis
After mechanical testing, construct wet weight was measured followed by papain
digestion (1mL/construct, 0.56U/mL in 0.1M sodium acetate, 10M cysteine hydrochloric
acid, 0.05M ethylenediaminetetraacetic acid, pH 6.0) at 60°C for 16 hours. Sulfated
glycosaminoglycan (s-GAG) content was assessed using the 1,9-dimethylmethylene
blue (DMMB) assay (Farndale, Buttle et al. 1986). Collagen content was measured via
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reaction with chloramine T and diaminobenzaldehyde (Stegemann and Stalder 1967).
Collagen content was extrapolated from OHP content using a 1:7.14 ratio of
OHP:collagen (Neuman and Logan 1950). Given variations in contractility and
chondrogenic capacity of MSC donors, GAG and collagen contents from the first
experiment were normalized to the number of cells for the donor variation experiment,
while the other studies were normalized to the construct wet weight (%WW).

3.2.6 Histological analysis and cell viability
Constructs for histological processing were fixed in 4% paraformaldehyde for 24 hours
and embedded in paraffin. Sections (8 µm) were deparaffinized in a graded series of
ethanol and stained with Alcian Blue (pH 1.0) and Picrosirius Red (0.1% w/v in saturated
picric acid) for proteoglycans (PG) and collagens, respectively. Immunohistochemistry
was carried out to visualize type I and type II collagen and chondroitin sulfate (CS).
Primary antibodies for type I collagen (MAB3391; Millipore, Billerica, MA), type II
collagen (II-II6B3; DSHB, Iowa City, IA), and chondroitin sulfate (CS; C8035, SigmaAldrich, St. Louis, MO) were used for immunostaining. On separate constructs, cell
viability was evaluated via LIVE/DEAD staining, per the manufacturers’ instruction
(Molecular Probes, Eugene, OR).

3.2.7 Statistical analysis
Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT software
Inc., San Jose, CA). Significance was determined by one-way ANOVA with Tukey’s post
hoc testing (p<0.05).

3.3 Results
3.3.1 Donor-to-donor variation in hMSC chondrogenesis
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A total of 8 human donors, ranging in age from 18-62 provided MSCs for this study,
including four males and four females (Table 3-1). These human MSCs were viable
when encapsulated in HA hydrogels. Consistent with previous findings (Erickson, Huang
et al. 2009), all constructs contracted to some extent over the first few days of culture
(Figure 3-1). Of the 8 donors, 2 young/healthy donors (Y1 and Y2) and 1 old/aged donor
(O1) maintained their original cylindrical shape (Figure 3-1A). Several of the older/aged
donors (O2 and O3) deformed significantly and took on a pellet-like in appearance
(Figure 3-1B), while others (O4 and O5) failed to maintain structural integrity and
dissolved within a few days (Figure 3-1C).

Figure 3-1: Donor-to-donor variation in hMSC chondrogenesis in pellets and HA
hydrogels. (A) Some hMSC donors laden in 3D hydrogel maintained a cylindrical
morphology (Calcein AM; 8w), (B) while others resulted in severely contracted constructs
(1w; inset: cell compaction-induced pellet formation), or (C) simply disintegrated early in

20

culture (1w; inset: disintegrated hydrogel). (D) GAG and (E) collagen content of hMSCladen HA hydrogels at 4 and 8 weeks (Left) and cell pellets at 2 and 4 weeks (Right)
normalized to their respective starting cell number. (20 million cells/mL in 1% HA, n = 4
(HA hydrogel), n = 3 (Pellet), Scale bar = 1 mm; Lighter bars = 2w, Medium bars = 4w,
Darker bars = 8w)

Given this lack of dimensional stability, biochemical content of constructs is reported on
a per cell basis. Data for each donor hMSC-laden HA construct as well as donormatched pellets are shown in Figure 3-1D and E. While GAG and collagen content in
constructs formed from the least contractile donors (Y1, Y2 and O1) increased with time,
the biochemical content of pellets from these same donors generally plateaued by week
2. Notably, the biochemical content of constructs that had contracted (O2 and O3) were
lower than these donors (Y1, Y2 and O1).

Figure 3-2: Mechanical and morphological properties of hMSC-laden HA constructs at 8
weeks of culture. (A) Equilibrium modulus (kPa), (B) Dynamic modulus (MPa), and (C)
Change in volume (% change) for constructs formed from those donors that retained a
cylindrical morphology. (n=4/group; *p<0.05)

Mechanical properties of constructs formed from the Y1, Y2 and O1 donors increased
with time in culture, reaching equilibrium (and dynamic) modulus of 30-53 kPa (and 1.82.5 MPa) by 8 weeks (Figure 3-2A and B). While these three donors retained a
21

Figure 3-3: Histological evaluation of hMSC-laden HA constructs and pellets. Alcian blue
(PG) and Picrosirius red (collagen) stained sections from hMSC-laden HA constructs (Left)
and cell pellets (Right) derived from two young/healthy donors (Y1 and Y2) and three
old/aged donors (O1, O2 and O3) at 2 and 4 weeks. For HA constructs, images of both
center and edge regions are shown. (Scale bar = 100 μm)
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cylindrical shape, significant volumetric changes were observed, with decreases on the
order of ~30-50% (Figure 3-2C). Histological evaluation for those donors that remained
intact showed a dense matrix of proteoglycan (PG) and collagen by week 2 in the
young/healthy donors with even distribution of matrix. Conversely, 2 out of 3 of the
older/aged donors contracted early in culture and of these, only one produced matrix at
the later time point (O2) in hydrogel culture. Staining confirmed that the biochemical
content of pellets generally plateaued by 2 weeks (Figure 3-3). Interestingly, the first
three donors (Y1, Y2, and O1) all showed abundant proteoglycan in the pellet by week
4, while the remaining two donors assayed did not (O2 and O3). All pellets were rich in
collagen as evidenced by the dark Picrosirius red staining.

Figure 3-4: Inhibition of cytoskeletal tension preserves cell distributions in hMSC-laden HA
constructs. (A) Macroscopic views of hMSC-laden HA hydrogels in control (CM+, Top) and
Y27 (Bottom) conditions and Alcian blue staining (Right) at 4 weeks, (B) Dynamic modulus
(|G|; kPa), (C and D) GAG content (%WW and μg/construct) (Constructs formed from donor
Y3 at 20M cells/mL in 1% HA; n=3/group; Scale bar = 1mm (macroscopic images) and 50
μm (histological stains))
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3.3.2 Effect of blockade of cell contractility on construct maturation
Given the contraction observed previously, we next tested whether inhibition of
cytoskeletal tension in hMSCs would limit cell aggregation of cells and contraction, and
how this might influence matrix production. Constructs treated with the Rho kinase
inhibitor Y27632 at each media change maintained an even cell distribution, while
control groups showed marked self-aggregation of cells (Figure 3-4A). While contraction
was minimized, the dynamic modulus of control constructs was 50% higher (233 kPa)
than those treated with Y27632 (156 kPa) (Figure 3-4B), and both conditions showed
similar proteoglycan content (Figure 3-4C-D).

3.3.3 Alterations in cell and macromer density impact functional chondrogenesis in 3D
culture
Given that blockade of contractility adversely impacted tissue formation, we next
evaluated how changes in cell and gel density might impact contraction. We assayed
cell densities of 20 or 60 million cells per milliliter and HA densities of 1, 1.5, and 2%.
These changes in cell and gel concentration influenced volumetric changes and
construct mechanical and biochemical properties (Figure 3-5). Specifically, macroscopic
imaging of constructs showed central hMSC aggregation at 20 million cells/mL
concentration in 1% HA hydrogels by 2 weeks. This resulted in a cell dense core region
and a relatively cell-free fringe surrounding this core. With an increase in macromer
density to 1.5% or 2% HA, cells did not self-aggregate and construct dimensions were
maintained (Figure 3-5).
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Figure 3-5: Impact of cell and macromer density on hMSC-seeded construct maturation.
hMSCs were encapsulated in HA hydrogels at varying cell and macromer densities. 20
million cells/mL (Top panel) and 60million cells/mL (Bottom panel) at either 1% HA (Left
column), 1.5% HA (Middle column) and 2% HA (Right column). Macroscopic images
demonstrate volumetric contraction at 2 and 4 weeks, and Alcian blue staining at 8 weeks
shows variation in proteoglycan staining intensity and distribution. (Scale bar = 1 mm
(Macroscopic images) and 100 μm (Histological stains))
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Alcian Blue staining of these constructs at 8 weeks showed that matrix staining intensity
and distribution matched that of the distribution of cells. That is, proteoglycan distribution
in 1% HA constructs was dense and compact in the core region whereas in 2% HA
constructs proteoglycans showed dense non-contiguous foci that were distributed across
the entire cross-section. When cell density was increased by a factor of three, to 60
million cells per milliliter, we noted an increase in construct compaction in 1% HA
hydrogels. Conversely, construct dimensions were maintained in 2% HA, even at this
higher cell density (Figure 3-5).

Figure 3-6: Immunohistochemistry of hMSC-laden HA construct formed at varying
macromer densities. Type II collagen (COL II; Top), chondroitin sulfate (CS; Middle) and
type I collagen (COL I; Bottom) stained sections from 1% HA (Left), 1.5% HA (Middle) and
2% HA (Right) constructs at 8 weeks (60 million cells/mL; Scale bar = 100 μm)
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Likewise, proteoglycan staining intensity was high throughout the construct at 8 weeks
for all macromere densities. Immunohistochemistry of high density constructs showed
that type II collagen and chondroitin sulfate appeared highly concentrated in 1% HA
constructs, but staining density and connectivity of these foci decreased with increasing
macromer concentration. Overall, there was little type I collagen produced under any
condition (Figure 3-6). Construct mechanical and biochemical properties were assessed
though 56 days of culture, and generally followed these histological observations
(Figure 3-6).
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Figure 3-7: Functional properties of hMSC-laden HA constructs formed at varying cell and
macromer densities after 8 weeks of culture. (A) Equilibrium modulus (E Y; kPa), (B)
Dynamic modulus (|G*|; MPa), (C and D) GAG content (%WW and μg/construct), (E and F)
collagen content (%WW and μg/construct), and (G) Volumetric change (diameter;
%change) (Lighter bars = 20M cells/mL; Darker bars = 60M cells/mL; n = 3/group, *p<0.05)

Mechanical properties of hMSC-laden HA hydrogel constructs increased with time in
culture, reaching equilibrium (EY) and dynamic (|G*|) moduli of 87kPa and 1.25 MPa (1%
HA), 67kPa and 0.8MPa (1.5% HA), and 50kPa and 0.59MPa (2% HA), respectively
(Figure 3-7A and B). The equilibrium modulus (EY) of 1% HA constructs was 30% and
74% greater than 1.5% and 2% HA, respectively (*p<0.05). Evaluation of GAG content
showed a similar trend, with 1% HA (2.2% WW) and 1.5% HA (2.2% WW) levels
markedly higher than 2% HA (1.6% WW, *p<0.05). On a per construct basis, however,
the reverse trend was noted, with 422μg (1% HA), 540μg (1.5% HA) and 620μg (2% HA)
of GAG produced (Figure 3-7C and D). Collagen content followed similar trends, with
1.2% WW and 240μg (1% HA), 1.2% WW and 295μg (1.5% HA) and 1.3% WW and
481μg (2% HA), respectively (Figure 3-7E and F). High levels of contraction were noted
for 1% HA (-20% and -24%; 20M and 60M cells) and 1.5% HA (-16% and -21%)
constructs; contraction was much less in 2% HA constructs (-1.5% and +1.0%) (Figure
3-7G).

3.4 Discussion
In this study, we evaluated the chondrogenic potential of MSCs from multiple human
donors in pellet and three dimensional HA hydrogel culture. When encapsulated in HA
hydrogels and induced to undergo chondrogenesis, hMSCs from different donors
showed a differential response to the 3D microenvironment. Some donors interacted
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positively with their microenvironment to accumulate extracellular matrix while others
self-aggregated and showed little matrix production, while still others appeared to
degrade the HA and constructs disintegrated early in culture. Of the eight donors initially
assayed, only two young/healthy and one old/aged donor remained viable and produced
a matrix rich in PG and collagen with increasing mechanical properties. Conversely,
donor hMSCs from the remaining five old/aged donors severely contracted or rapidly
dissolved the hydrogel, making further analysis impossible. The above data showed that
MSCs from different donors react to the same microenvironment in a different way. It
should be noted, however, that despite the fact that some did not respond well to HA,
two of the old/aged donors did form small pellets with some PG content when cultured in
this alternative 3D format. The remaining three donors, which failed in HA culture, also
failed to produce matrix in pellet culture. This differential matrix production in HA
compared to pellet suggests a microenvironmental influence on differentiation and
maturation processes. Some of these differences might be compounded by age-related
changes in MSCs, specifically acting to accelerate compaction and decrease
chondrogenic capacity (Erickson, van Veen et al. 2011). Similar findings have been
noted in the bovine system, where adult bovine MSCs seeded in HA produced the least
matrix and lowest properties while contraction the most compared to fetal and juvenile
MSCs (Erickson, van Veen et al. 2011). Our data may also suggest that the disease
status (and perhaps endogenous inflammatory state) of the OA donors might impact
outcomes by accelerating hydrogel dissolution via the secretion of degradative enzymes
(e.g., hyaluronidase or MMPs), compromising initial construct integrity.

For clinical application, an engineered cartilage construct should possess mechanical
and biochemical properties comparable to native tissue and achieve a stable 3D
configuration. Our data suggest that not every donor will yield such an outcome. We
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found that for some donors, HA hydrogels with low macromer density yielded constructs
with greater mechanical properties, but these had severely contracted, precluding
clinical application. To address this issue of contraction, we first sought to reduce
cytoskeletal tension by treating MSC-laden constructs with the Rho/ROCK pathway
inhibitor Y27632 during chondrogenic induction. The Rho/ROCK pathway is a major
regulator of cytoskeletal tension, and plays important roles in stem cell activities involved
in cell-cell interactions and chondrogenesis (Woods, Wang et al. 2005, Amano,
Nakayama et al. 2010). For instance, Woods et al showed that Rho/ROCK pathway
activation inhibited chondrogenesis of limb bud chondrocytes. Treatment of hMSCseeded HA constructs with Y27632 clearly blocked intercellular self-aggregation, but
resulted in little to no change in the dynamic modulus or GAG content of constructs.

Based on the finding that inhibition of contractility did not improve outcomes, we next
explored whether modulation of cell and/or HA macromer concentration could influence
initial construct dimensional stability and functional matrix accumulation over time.
MSCs-laden hydrogel constructs seeded at 20M cells/mL in 1% HA showed marked
volumetric changes and cell and matrix compaction, whereas those at 1.5 and 2% HA
maintained an even cell distribution and relatively uniform matrix distribution.

This

suggests that macromer density can mediate against the contraction we observed at low
gel densities. However, we also observed that the dynamic modulus (|G*|) of 1% HA
constructs was 3-4 times greater than either the 1.5 and 2% HA constructs, suggesting
that concentrating deposited ECM improves functional outcomes.

To realize such an outcome at higher wet percent gels, which better maintain their initial
morphology, we next assayed the impact of a higher hMSC seeding density.

Gels

seeded at 60M cells/mL yielded high mechanical properties (EY: 50-87 kPa and |G*|:
30

0.59-1.25MPa) and GAG content (1.6-2.2%WW) after 8 weeks in culture. 1% HA
constructs again had the highest mechanics (87kPa; 2.2%WW GAG), but also showed
the highest amount of contraction (-24%). Conversely, 2% HA constructs produced the
least matrix (1.6%WW GAG) and lowest mechanical properties (50kPa), but maintained
their original dimensions. This demonstrates that by simultaneously increasing cell and
macromer density, one can promote matrix production, functional maturation, and
dimensional stability. This is consistent with Erickson et al., who showed similar results
using bovine MSCs (Erickson, Huang et al. 2009). Based on these results there appears
to be a trade-off between the benefit in functional properties and the risk in structural
instability. To take advantage of all benefits, one possible approach would be to cast
constructs larger than the defect to be filled, pre-culture these constructs with at high cell
and low HA density, and allow the constructs to contract during maturation. These
matured constructs with improved functional properties could then be trimmed to match
the size of the treated defect.

This study demonstrated donor-to-donor variations of human MSCs in their
chondrogenic differentiation in 3D culture. Our findings reveal marked differences across
donors that will need to be addressed for any autologous therapy to be successful.
Indeed, understanding and characterizing this donor-dependent hMSCs response will
enable prediction of donor-specific response, via screening assays, and direct the
optimization of their chondrogenic potential for autologous clinical applications. Future
studies will investigate additional donors, especially from old/aged populations with
varying degeneration status, to establish an effective approach to patient-specific
articular cartilage repair using autologous MSCs.
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CHAPTER

4:

Transient

Exposure

to

TGF-β3

Improves

the

Functional

Chondrogenesis of MSC-laden Hyaluronic Acid Hydrogels

4.1 Introduction
Articular cartilage is the dense white connective tissue lining the ends of long bones in
diarthrodial joints and functions to transfer and distribute loads generated with
locomotion (Carney and Muir 1988, Ateshian and Hung 2005). Load transfer occurs
through the dense extracellular matrix (ECM), which is primarily composed of type II
collagen and proteoglcycans (PGs). Matrix mechanical properties are quite high, with an
equilibrium modulus on the order of 0.5-1 MPa and a dynamic modulus ranging from 1640 MPa (Park, Hung et al. 2004, Erickson, van Veen et al. 2011). While the tissue can
function remarkably well in a demanding environment over a lifetime of use, focal
defects and other trauma can initiate progressive degeneration (Martel-Pelletier 1998,
Buckwalter, Martin et al. 2000). As cartilage is avascular, repair processes are limited
(Huber, Trattnig et al. 2000), and regenerative strategies, short of total joint replacement,
have not yet produced durable and functional repair.

To address this issue, cartilage tissue engineering approaches have been developed
with the goal of forming biologic replacement materials with functional mechanical
properties (Ateshian and Hung 2005).

In addition to cell-based therapies (Knutsen,

Engebretsen et al. 2004, Hettrich, Crawford et al. 2008), three dimensional constructs
consisting of various hydrogels coupled with chondrocytes have been utilized to
generate cell-laden constructs (Buschmann, Gluzband et al. 1995, Mauck, Soltz et al.
2000, Roy, Boskey et al. 2008, Kisiday, Lee et al. 2009). Within this 3D context, a
number of culture variables have been explored, including modulation of cell density,
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growth factor supplementation, oxygen tension and mechanical stimulation (Blunk,
Sieminski et al. 2002, Mauck, Wang et al. 2003, Hung, Mauck et al. 2004, Lima, Bian et
al. 2007, Meyer, Buckley et al. 2010), to further the biochemical and mechanical
maturation of engineered constructs. Indeed, recent reports employing chondrocytes in
agarose hydrogels demonstrate functional equivalence between engineered constructs
and native tissue, with equilibrium compressive properties approaching 1MPa (Lima,
Bian et al. 2007, Byers, Mauck et al. 2008).

While chondrocytes have been instrumental as a cell source for such approaches, their
clinical use may be limited due to a scarcity of healthy cells. Mesenchymal stem cells
(MSCs) derived from bone marrow have emerged as an attractive alternative cell type
(Pittenger and Martin 2004) as they are multipotent and easy to expand, and so are
available in a nearly unlimited supply, and in an autologous fashion. Numerous studies
have shown that MSCs within hydrogel constructs cultured in a chemically defined
media (CM) undergo chondrogenesis when supplemented transforming growth factor
(TGF) family members (Huang, Farrell et al. 2010). We are particularly interested in the
translational capacity of hyaluronic acid (HA) hydrogels. HA is a natural constituent of
the cartilage extracellular matrix and provides a biologically relevant interface for
encapsulated MSCs (Chung and Burdick 2009). Moreover, gel properties are easily
tunable (Burdick, Chung et al. 2005, Erickson, Huang et al. 2009), and the gel can be
modified to degrade in a controlled fashion (Sahoo, Chung et al. 2008) and to deliver
TGF-beta through co-encapsulated alginate microspheres (Bian, Zhai et al. 2011).
Indeed, using methacrylated (and so photo-crosslinkable) HA as a starting point, we
have optimized gel formation and functional matrix production by MSCs with variations in
gel density (1%, (Erickson, Huang et al. 2009) ) and MSC (~60 million cells/mL,
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(Erickson, Kestle et al. 2011)) concentration, consistently producing cartilage like
constructs with compressive properties in the range of native tissue levels (200-300kPa).

In addition to the hydrogel environment, the timing and dose of pro-chondrogenic factors
can modulate the growth of MSC-based constructs. In early work with human MSCs in
alginate, it was reported that a single high dose of TGF (50ng/mL) resulted in
comparable molecular level induction of cartilage genes at day 21 compared to
continuous exposure to TGF at much lower levels (10 ng/mL) (Caterson, Nesti et al.
2001).

More recently, we showed that transient exposure of MSCs in agarose to

10ng/mL TGF-β3 (for three weeks) induced a stable chondrogenic phenotype, with
functional properties at six weeks greater than continual exposure at this same level
(Huang, Stein et al. 2009). This suggests that timing, dose, and duration of exposure to
chondrogenic factors can influence the long-term growth of engineered constructs
formed with MSCs.

Transient exposure presents an interesting paradigm with clinical relevance; in vivo
defect filling will require robust maturation of the engineered tissue driven by TGF-β3
delivered from the material itself in a controlled and sustained fashion. As most delivery
systems offer the capacity for only a short term, high dose delivery, the purpose of this
study was to determine the minimal TGF-β3 dosage and duration of exposure required
to promote the most robust chondrogenesis and functional maturation of MSCs in this
HA hydrogel system. To this end, MSCs were seeded in 1% HA hydrogels at a high cell
density (60 million cells/mL) and cultured under different levels (10, 50, and 100 ng/mL)
of TGF-β3 for varying durations (3, 7, and 21 days) in a chemically defined medium.
After removal of the growth factor at these defined time points, construct mechanics,
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biochemical content, and histological features were evaluated through 9 weeks of in vitro
culture.

4.2 Materials and Methods
4.2.1 MSC Isolation and Expansion
MSCs were isolated from femoral and tibial bone marrow from juvenile calves (3 months
old, Research 87, Bolyston, MA) and maintained in basal medium consisting of highglucose Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum (Gibco-Invitrogen, Grand Island, NY) and 1% penicillin/streptomycin/fungizone
(PSF) (Gibco-Invitrogen, Grand Island, NY). MSCs were expanded in culture through
passage three prior to encapsulation.

4.2.2 Construct Fabrication and Long-term 3D Culture
MSCs were suspended in a chemically defined medium (CM) consisting of high glucose
DMEM supplemented with 1% PSF, 0.1 µM dexamethasone, 50mg/mL ascorbate 2phosphate, 40mg/mL L-proline, 100mg/mL sodium pyruvate, 6.25µg/mL insulin,
6.25µg/mL transferrin, 6.25µg/mL selenious acid, 1.25mg/mL bovine serum albumin
(BSA), and 5.35µg/mL linoleic acid. The cell solution was centrifuged, and the
supernatant was removed. The cells were resuspended in 1% w/v methacrylated
hyaluronic acid (HA) solution. Specifics on the synthesis of this photocrosslinkable HA
macromer have previously been reported in detail (Burdick, Chung et al. 2005, Erickson,
Huang et al. 2009). Briefly, 1 wt% sodium hyaluronate (Lifecore Biomedical, Chaska,
MN) was reacted with methacrylic anhydride (Sigma, St. Louis, MO) at pH 8.0, followed
by dialysis to remove unreacted byproducts and lyophilization and storage at -20oC. To
form cell-seeded constructs, the methacrylated HA was dissolved at 1% w/vol in PBS
with 0.05% w/vol photoinitiator (Irgacure I2959, Ciba, Basel, Switzerland). MSCs were
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resuspended at a concentration of 60 million cells/mL, cast into a mold, and exposed to
UV for 10 min at room temperature. Cylindrical cores (Ø4mm × 2.25mm) were removed
from the resulting HA sheet with a sterile biopsy punch.

Figure 4-1: Schematic of transient exposure to TGF-β3 at varying doses and durations

Constructs were cultured in chemically defined media (CM) (1mL per construct) for the
duration of the study. TGF-β3 (R&D Systems, Minneapolis, MN) was introduced at
several different concentrations and durations (Figure 4-1). TGF-β3 dose was varied
from a standard concentration of 10ng/mL to a high dose of 50ng/mL, or to a very high
dose of 100ng/mL. For these higher concentrations, exposure times were limited to 3 or
7 days, with media changed one time over the first week. For the lower dose, exposure
was for 3, 7, 21, or 63 days. A total of 8 groups were thus evaluated (10-d3, 10-d7, 10d21, 10-d63, 50-d3, 50-d7, 100-d3 and 100-7d), where the first number indicates dose,
and the second number indicates duration of exposure to TGF-β3. Media was changed
twice weekly for the duration of study.

4.2.3 Mechanical Analysis
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A custom-built mechanical testing device was utilized to examine compressive
properties of engineered constructs (Mauck, Soltz et al. 2000). Unconfined compression
was applied via a non-porous indenter with constructs hydrated in PBS during testing.
Constructs underwent creep loading to 0.02 N for 5 min to ensure even contact between
the construct and platens. After equilibration of this creep load, samples were
compressed at 0.05%/sec to 10% strain, calculated from the post creep thickness of the
construct. Constructs were then allowed to relax for 1000 sec, and the equilibrium stress
noted. Subsequently, a 1% sinusoidal deformation was applied at 1.0 Hz. Equilibrium
and dynamic moduli were calculated from stress-strain response and the sample
geometry.

4.2.4 Biochemical Analysis
After mechanical testing, wet weight of constructs was measured followed by digestion
in papain (1 mL/construct, 0.56U/mL in 0.1M sodium acetate, 10M cysteine hydrochloric
acid, 0.05M ethylenediaminetetraacetic acid, pH 6.0) at 60°C for 16 hours.
Glycosaminoglycan (GAG) content was determined using the 1,9-dimethylmethlene blue
(DMMB) dye-binding assay and collagen content using the orthohydroxyproline (OHP)
assay, with a 1:7.14 OHP:collagen ratio, as previously described (Stegemann and
Stalder 1967). DNA content was assessed via the PicoGreen double strand DNA assay
(Molecular Probes, Eugene, OR).

4.2.5 Histological Analysis and Cell Viability
Constructs were fixed in 4% paraformaldehyde and embedded in paraffin. Sections
(8µm thick) were deparaffinized in a graded series of ethanol and stained with Alcian
Blue (pH 1.0) and Picrosirius Red (0,1% w/v in saturated picric acid) for proteoglycans
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(PG) and collagens, respectively. Viability was assessed on fresh constructs on days 21,
42 and 63 using the LIVE/DEAD staining kit (Molecular Probes, Eugene, OR).

4.2.6 Fourier Transform Infrared Imaging Spectroscopy (FT-IRIS)
FT-IRIS analysis of construct matrix composition and distribution was carried out with a
Spectrum Spotlight 300 imaging system (Perkin-Elmer, Waltham, MA) as in (Kim, Bi et
al. 2005, Kim, Foo et al. 2010).

The system consists of an FTIR spectrometer in

conjunction with a light microscope and linear array detector under N2 purge (Boskey
and Pleshko Camacho 2007). Molecular characteristics are determined in a rectangular
region of interest. IR absorption for cartilage ranges from 800 – 2000 cm-1 (i.e., within the
mid infrared (MIR) region; 400 – 4000 cm-1). Histological sections (8µm) from the day 63
groups were mounted onto Low-e Microscope Slides (1 × 3 inch, Kevely Technologies,
Chesterland, OH) and dehydrated completely to avoid spectral interference from water
molecules prior to data acquisition (6.25µm2 pixel resolution and 4cm-1 spectral
resolution). During IR penetration, molecules within the tissue absorb IR and vibrate at a
specific frequency (wave number; cm-1) based on the characteristics of the molecular
bond (composition) and the number of molecules (intensity) at that location. Collagen
(C=O stretching) signal is apparent in the amide I (1655cm-1), amide II (1550cm-1) and
amide III (1250cm-1) regions. Proteoglycan (C-O-C, C-OH, C-C ring vibration) signal is
apparent in the amide I (1640cm-1), amide II (1545cm-1), sulfate (1245cm-1) and sugar
(1125-920 and 850cm-1) regions. In native tissue, the Amide I band primarily represents
type II collagen while the sugar groups primarily represent proteoglycans. Although
proteoglycans contribute to the amide I and II bands, their contributions are minute
compared to that of collagen in native tissue (Camacho, West et al. 2001). However, in
this study, because proteoglycan content was significantly higher than collagen content
(see results), proteoglycan absorbance contributed markedly to the amide I peak.
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Therefore, the proteoglycan contributions to Amide I signal were spatially subtracted to
allow for quantification of collagen alone. Data processing was carried out using the ISys
software (version 5.0, Malvern Instruments Ltd., Worcestershire, UK).

4.2.7 Statistical analysis
Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT software
Inc., San Jose, CA). Significance was determined by two-way ANOVA with Tukey’s post
hoc test (p<0.05).

4.3 Results

Figure 4-2: Viability within MSCs-seeded HA hydrogels with different exposure conditions.
Live (Green; 10X) and dead (Red; Inset: 2X) staining show comparable cell viability in HA
hydrogels with each treatment condition. (A-D) 10 ng/mL TGF- β3 for 3, 7, 21 or 63 days, (E
and F) 50 ng/mL for 3 or 7 days, and (G and H) 100 ng/mL for 3 or 7 days. Scale bar
indicates 100 µm.

4.3.1 Mechanical properties of MSC-seeded HA constructs
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The effect of varying dose and duration of TGF-β3 exposure on the chondrogenesis and
functional maturation of MSC-laden HA hydrogels was assessed under free swelling
conditions. MSCs were viable and biosynthetically active in HA hydrogels under each
condition assessed (Figure 4-2). Construct diameters were similar between groups and
did not change during the culture period (Figure 4-3A).

Figure 4-3: Transient exposure to high levels of TGF-β3 enhances the mechanical
properties of MSC-seeded HA constructs.

Transient exposure time (day) and

concentration of TGF- β3 (ng/mL) over the entire culture period (9 weeks, 9w) shown on x-
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axis. (A) Construct diameter, (B) Equilibrium modulus (E Y; MPa), and (C) Dynamic modulus
(|G*|; MPa) as a function of treatment (n=5/group; *p<0.05 for groups at 3w, 6w, or 9w
compared to the 100-d7 group at same the time point).

While constructs were geometrically stable, transient exposure of TGF-β3 altered
construct mechanical properties, depending on the dose and duration of exposure.
Compared to conditions where TGF-β3 was provided at each media change at 10
ng/mL, constructs exposed to either 10 ng/mL for only the first three weeks, or
constructs exposed to higher concentrations (50 and 100 ng/mL) for even shorter
periods of time (one week), reached equivalent or higher mechanical properties. For
example, the equilibrium (and dynamic) modulus for constructs exposed to TGF-β3 at a
high dose (100-d7; two feedings at 100ng/construct) reached ~500 kPa (and ~2.9 MPa)
at nine weeks, the highest level achieved in this study (Figure 4-3).

Control constructs with continuous delivery of TGF-β3 at the standard concentration
(10ng/mL) for the entire culture duration (10-d63) reached only ~200 kPa (and 1.7 MPa)
over this same time course. This differential growth occurred despite similar levels of
TGF delivery over the culture duration (200ng/construct for 100-d7, 180ng/construct for
10-d63).

Groups intermediate to these two extremes (50-d7 and 100-d3) yielded

constructs with lower mechanical properties. Equilibrium (and dynamic) modulus for
these groups (50-d7 and 100-d3) was 267 kPa (and 1.8 MPa) and 67 kPa (and 1.1 MPa)
by 9 weeks, respectively. Groups exposed to 10ng/mL for only 3 or 7 days (10-d3, 10d7) did not show marked increase in mechanical properties. However, at this low dose,
21 days of exposure (10-d21) was sufficient to match properties in constructs with
continual exposure (10-d63).
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4.3.2 Biochemical content of MSC-seeded HA constructs
Consistent with the mechanical properties, biochemical content of constructs depended
on dose and duration of exposure to TGF (Figure 4-4).

In control conditions (10-d63,

continuous exposure, 10 ng/mL), GAG and collagen content increased with time. By 9
weeks, GAG content in these constructs reached ~3.7%.

Figure 4-4: Transient exposure to high levels of TGF-β3 enhances biochemical content and
matrix distribution of MSC-seeded HA constructs. (A) GAG (%WW), (B) Collagen (%WW),
(C-J) Alcian blue, (K-R) Picrosirius red (n=5/group for biochemical analysis; A and B;
*p<0.05 for 9w group compared to 100-d7 group at the same time point). Histological
images were captured at 9w at a magnification of 10X (Inset: 2X). Scale bar indicates
100µm.
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Interestingly, comparable GAG content was achieved in constructs exposed to this
concentration of TGF for only three weeks (10-d21, ~4.0%), while shorter durations at
this level resulted in less GAG accumulation (10-d3, 1.1%; 10-d7, 1.6%). With higher
doses of TGF exposure, even with short durations of exposure, GAG content of
constructs was markedly higher. Indeed, the short-term, high dose TGF-β3 group (100d7) reached GAG contents higher than all other groups.

In these constructs, GAG

content was ~6.8% (per wet weight) by 9 weeks, matching or exceeding native tissue
levels (Erickson, van Veen et al. 2011). Intermediate groups (i.e., 50-d7 and 100-d3)
produced GAG contents comparable to the continuous low concentration group (10d63). DNA content for most groups decreased slightly with culture duration (not shown).
Collagen content followed this same general trend, though the difference between
groups was less marked. Transient exposure to a high dose of TGF-β3 (i.e., 50-d7, 10d3 and 100-d7) resulted in comparable levels of collagen content to the control group
(10-d63) by week 9 (Figure 4-4). The highest collagen content achieved was ~1.7% in
the 100-d7 group at 9 weeks.

4.3.3 Histological analysis of MSC-seeded HA constructs
Histological evaluation generally supported bulk biochemical measures (Figure 4-4).
Low doses of TGF-β3 applied for short periods of time (10-d3, 10-d7) resulted in very
little proteoglycan deposition (as evidenced by lack of Alcian Blue staining), while longer
periods of exposure (10-d21 and 10-d63) resulted in robust staining (Figure 4-4J-Q)
throughout the construct. Interestingly, with a short duration of exposure, PG staining
was only apparent at the periphery of the construct. When TGF-β3 was added at higher
concentrations for one week (50-d7 and 100-d7), staining patterns were similar to that of
continuous exposure in the low dose (10-d63) group. At high doses, with only one
exposure (50-d3 and 100-d3), staining was intense only at the construct periphery.
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Picrosirius red staining of collagen likewise matched bulk biochemical assessment,
where collagen staining intensity was not markedly different between groups (Figure 44A-H).

4.3.4 FT-IRIS analysis of MSC-seeded HA constructs
Because collagen staining may have been compromised by the large amount of
proteoglycan in constructs, a more sensitive method of analysis was employed. FT-IRIS
allows for the deconvolution of collagen and proteoglycan signal based on specific
signatures of these molecules in the IR spectrum. This analysis showed that collagen
matrix production was initiated near the outer edge of constructs. With longer durations
of exposure, central regions of the construct contained progressively more collagen
(Figure 4-5).
distributed

Continuous exposure constructs (10-d63) showed abundant collagen

throughout

the

construct.

Groups

exposed

to TGF-β3

at

higher

concentrations (50-d7, 100-d3 and 100-d7) showed comparable collagen distributions,
while those at lower concentrations and for shorter times of exposure (10-d3 and 10-d7)
produced less collagen. Summation of the FT-IRIS signal across the construct expanse
matched patterns of bulk collagen content determined through biochemical analysis.

4.4 Discussion
In this study, we evaluated the impact of TGF-β3 dose and duration of exposure on the
functional maturation of MSC-laden HA hydrogels. Our results show that, even with a
very short exposure time, a sufficiently high TGF-β3 dose can produce functional
cartilage-like materials over a 9 week period. Indeed, these constructs achieved
mechanical and biochemical properties greater than those achieved with continuous
exposure to TGF-β3 at a lower dose. This ‘release’ response is consistent with that
observed previously in both chondrocytes (Lima, Bian et al. 2007, Byers, Mauck et al.
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2008) and MSCs (Huang, Stein et al. 2009), though in this study it was apparent after an
even shorter exposure period (1 week vs. 3 weeks), though a higher dose was required.

Figure 4-5: FT-IRIS assessment of collagen distribution with transient exposure to TGF-β3.
Cross-sectional images showing distribution of collagen within MSC-seeded HA
constructs on day 63 (A-H). Collagen intensity was quantified and averaged from 3 serial
sections for each group (I). Pixel (25 x 25µm) intensity defined by color bar. *p<0.05 for 9w
groups compared to 100-d7 group at the same time point.

Interestingly, chondrogenic differentiation (as evidenced by continued accrual of
proteoglycans) progressed over the entire 9 weeks, despite only 1 week of exposure to
chondrogenic factors. In the most auspicious conditions identified (100-d7, 100 ng/mL
TGF-β3 exposed for 7 days), constructs showed a dramatic increase in mechanical
properties and biochemical content, reaching an equilibrium modulus of ~500 kPa and
~6.8% GAG (per wet weight) at 9 weeks. These properties were higher than those in the
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continual exposure group (~200 kPa and 3.7% GAG), and nearly match those of native
bovine cartilage (Erickson, van Veen et al. 2011). Indeed, these are the highest yet
reported in this HA system when seeding with MSCs. This finding confirms that a robust
and persistent chondrogenic state can be induced with very short exposure durations to
TGF, and has bearing on the clinical translation of this system.

The finding of time and dose varying effects of TGF on progenitor cell behavior should
not be surprising, given its developmental relevance.

In development, multiple

morphogen gradients are established in a temporally and spatially varying manner to
direct cellular behavior and tissue differentiation (Wolpert 1969, Gurdon and Bourillot
2001, Ibanes and Izpisua Belmonte 2008, Berezhkovskii, Sample et al. 2011). These
soluble factor gradients are established when a local accumulation of differentiated cells
initiates production of a given factor. From this origin to cells at a distant location, the
morphogen concentration will decrease, depending on simple diffusion and/or
consumption/binding of the factor (Gurdon and Bourillot 2001). In some instances, there
exist critical concentration thresholds for phenotypic conversion (Raj, Rifkin et al. 2010),
allowing for distinct boundaries to form along continuous gradients. The impact of a
morphogen gradient can be transient, where either it establishes a pattern of
differentiation after which the source cells cease production, or the cells initially
regulated by the gradient move away from the point source through other growth
mechanisms. An example of such as system is the cartilaginous growth plate in long
bones, where multiple gradients of competing factors regulate progenitor cell
chondrogenesis and eventual hypertrophy (Farnum, Turgai et al. 1990).

Some of these developmental features are present in our system as well, where the
presentation of TGF in the soluble environment rapidly establishes a morphogen
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gradient, with the highest (and defined) levels located at the construct periphery. Overall
concentration of TGF in the bathing solution most likely falls between feedings as
cellular utilization occurs, eventually depleting the source. This has been shown for
other media components (such as glucose) in engineered chondrocyte-based cartilage
constructs (Heywood, Bader et al. 2006), and may be pronounced in this study where a
very high cell concentration was used. While the ‘source’ concentration may vary with
time between feedings, the local concentration is also expected to vary with distance
from the boundary. Cells at the periphery are first exposed to the morphogen, and likely
bind and sequester it, decreasing its availability to cells in the center. Indeed, under
static conditions, MSCs within agarose hydrogels with continuous exposure to TGF at 10
ng/mL deposit matrix inhomogeneously through the depth, with the centers having
significantly lower properties and matrix content than the edge regions (Farrell, Comeau
et al. 2011). This is apparent in the current study as well, visualized both by variations in
staining intensity across the construct expanse (Figure 4) and FT-IRIS imaging (Figure
5). With short exposure (three days), increasing the dosage of TGF resulted in
increasing penetration of proteoglycan staining.

Of note, distinct boundaries were

apparent where the staining intensity decreased rapidly from high to low levels, perhaps
indicating a threshold concentration necessary to achieve chondrogenesis. This drop off
in staining could be attenuated when a second delivery with TGF was applied at the
higher doses (e.g., 50-d7 and 100-d7). In these conditions, a contiguous proteoglycan
rich matrix was observed through the depth of constructs. These findings suggest short
term application of TGF at high doses can provide a sufficient supply of the morphogen
to reach critical thresholds of exposure to initiate chondrogenesis even at the construct
center. When a repeat dosing was provided (i.e., at both 3 and 7 days), the chondrocyte
phenotype was ‘locked in’ in cells throughout the depth of the construct, allowing them to
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produce cartilage like matrix through the entire 9 week culture period, long after the
morphogen was removed from the culture environment.

The above findings provide both a cost-effective approach to long-term in vitro culture
studies, and also point to the translational potential of this system. In the current study,
essentially the same amount of TGF was delivered (200 ng for the 100-d7 group, 180 ng
for the 10-d63 group), with the transient delivery groups reaching mechanical and
biochemical properties exceeding the continuous delivery groups. Even at intermediate
doses (i.e., 50-d7, where only 100 ng was delivered over the first week), properties
matching the continuous exposure group were achieved. While the study terminated at
this point, these findings suggest that for culture durations in excess of 9 weeks, it will be
cost-effective to deliver a high dose of TGF in a bolus fashion during the first week. In
terms of translation, our findings suggest that a finite (but large) dose of TGF-β3 need
only be delivered for a short period of time to achieve functional chondrogenesis. While
material delivery systems are improving, most still only offer the potential for a short term
‘burst’ followed by a much slower sustained release (Lee and Shin 2007, Ionescu, Lee et
al. 2010, Meyerrose, Olson et al. 2010). We have recently shown that short term (7 day)
delivery of chondrogenic factors can be achieved from co-encapsulated alginate
microspheres, both in vitro and in vivo (Bian, Zhai et al. 2011). An important advantage
of this system is that TGF can be released at a ‘high’ dose throughout the gel, and so
lower overall delivery may be required (i.e., one will not have to create such steep
concentration gradients to service cells at the center as the microspheres will establish a
near uniform supply throughout the construct expanse). Data from the current study will
help define optimal delivery doses for clinical translation of this technology to testing in a
large animal cartilage defect model.
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While the current findings are exciting, with native tissue properties achieved in our
MSC-seeded HA hydrogel system with transient TGF exposure, additional work remains
to fully optimize this system. In particular, it will be important to define the molecular
basis of this phenotypic transition with transient exposure, and to monitor both
chondrogenic and hypertrophic markers that could indicate a shift or loss in MSC
phenotype after TGF withdrawal. The effect of transient TGF delivery must also be
evaluated in the context of a changing chemical environment, as the construct will be
expected mature within the synovial space. Such an environment may provide ‘conflict’
signals that alter the response to transient TGF exposure. Finally, these studies must be
extended to cell types of clinical relevance, namely porcine and human cells from aged
patients, so as to enable rapid transition to pre-clinical and clinical testing scenarios.
Taken together, this data suggests that, when coupled with even simple delivery
systems providing controlled release for as little as one week, HA-based MSC-seeded
constructs may provide effective and functional cartilage repair. Such progress would
improve the health and mobility of millions of patients worldwide suffering from the
ravages of progressive cartilage degeneration and loss of function.
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CHAPTER 5: Role of Dexamethasone in the Long-term Functional Maturation of
MSC-laden Hyaluronic Acid (HA) Hydrogels for Cartilage Tissue Engineering

5.1 Introduction
Strategies to engineer cartilaginous tissues using mesenchymal stem cells (MSCs) are
promising given that these multipotent cells can undergo chondrogenesis in a variety of
3D contexts and produce robust extracellular matrix equivalent to that produced by
articular chondrocytes (Huang, Farrell et al. 2010). While numerous materials and
methods have been utilized, we are particularly interested in hydrogels based on
hyaluronic acid (HA), a natural constituent of the cartilage extracellular matrix that
provides a biologically relevant interface for encapsulated cells (Burdick, Chung et al.
2005, Chung and Burdick 2009, Erickson, Huang et al. 2009). Additionally, HA gel
properties are readily tunable based on variations in polymer backbone density (Burdick,
Chung et al. 2005, Sahoo, Chung et al. 2008, Khetan, Chung et al. 2009), degradation
mechanisms (Chung, Beecham et al. 2009), and can be modified with biologically
relevant moieties (Bian, Guvendiren et al. 2013, Cosgrove, Mui et al. 2016). Using a
simple methacrylated version of HA (termed MeHA), we recently optimized functional
matrix production by MSCs via variations in gel macromer density (Erickson, Huang et
al. 2009) and MSC seeding density (Erickson, Kestle et al. 2012). As a consequence of
this optimization, MSC-laden HA hydrogel constructs consistently achieve near-native
compressive mechanical properties and proteoglycan content (e.g., 700 kPa, 6% WW
GAG) when cultured in a chemically defined media (CM) supplemented with prochondrogenic factors (i.e, TGF-β3) (CM+) (Mackay, Beck et al. 1998, Yoo, Barthel et al.
1998, Pittenger, Mackay et al. 1999).
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Building from the initial description of the chemically defined media formulation that
supports chondrogenesis (Johnstone, Hering et al. 1998, Pittenger, Mackay et al. 1999),
a number of studies have explored which components are absolutely necessary, and
over what time course. For instance, using both chondrocytes and MSCs, several
studies have shown that transient inclusion of TGF-β3 in the source media results in
greater properties than continual exposure to this factor (Lima, Bian et al. 2006, Byers,
Mauck et al. 2008, Huang, Stein et al. 2009, Kim, Erickson et al. 2012). Indeed, very
high doses of TGF-β3 (100 ng/mL), for short periods of time (7 days), were most
effective in producing robust tissue constructs in this chemically defined setting (Kim,
Erickson et al. 2012). Translating this finding, others have shown that alginate-coated
TGF-β3 microspheres that were co-encapsulated with human MSCs in HA hydrogels
resulted in robust chondrogenesis. This study showed that the release of a high dose of
TGF-β3 over a relatively short period (less than two weeks) could promote comparable
construct properties as those cultured in CM+ with a lower and continual dose of TGF-β3
(Bian, Zhai et al. 2011).

While these previous results are compelling, the transition to the in vivo environment
may be more complicated, particularly when the in vivo environment is the synovial joint.
Successful strategies for cartilage repair require not only an engineered construct with
native-like functional properties, but also stability of these properties within the native
load-bearing synovial environment. Synovial fluid is a dialysate of the blood that is
comparable to serum and additionally contains hyaluronic acid, lubricin, proteinases,
collagenases, and occasionally lymphocytes, monocytes, and neutrophils (Schmidt,
Gastelum et al. 2007). In a recent study, we showed that when engineered MSC-based
constructs were transferred to serum containing media (e.g., basal media: BM; 10%
FBS) at the time of TGF withdrawal, construct properties rapidly decreased with marked
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GAG loss (Kim, Erickson et al. 2012). This suggests that while chemically defined prochondrogenic media (CM) can foster maturation, conflict signals present in serum and
synovial fluid may compromise long term functionality, and so may limit clinical
translation.

One additional factor in CM, dexamethasone (DEX), is a synthetic glucocorticoid that is
known to have pro-chondrogenic (Johnstone, Hering et al. 1998, Mackay, Beck et al.
1998) and anti-inflammatory effects (Florine, Miller et al. 2013). Dexamethasone
suppresses inflammatory signaling (e.g., IL-8 secretion regulated by p38MAPK, AP-1
and NF-kB activity) (Rebeyrol, Saint-Criq et al. 2012). A recent study also showed that
this glucocorticoid combined with HA enhances glucocorticoid receptor (GR) activity to
inhibit activation of p38 MAPK signaling pathway (Lv 2016). Interestingly, several studies
have shown that dexamethasone is an indispensable component in chondrogenic media
(Johnstone, Hering et al. 1998, Mackay, Beck et al. 1998). One recent combinatorial
screen coupled with RNA profiling showed that dexamethasone acted synergistically
with TGF beta to promote MSC chondrogenesis (Jakobsen, Ostrup et al. 2014). In
another recent study, however, it was shown that dexamethasone inhibits BMP-2
induced MSC chondrogenesis, and that removal of dexamethasone in defined media
improved GAG deposition in synovial explants (Shintani and Hunziker 2011). In chick
limb bud cultures, the dose of dexamethasone played a role, where lower doses
improved chondrogenesis and higher doses promoted osteogenic conversion (Cheng,
Chen et al. 2014). Similarly, others have reported a different impact of dexamethasone
in young bovine and adult human MSCs in agarose and self-assembling peptide
hydrogels (Florine, Miller et al. 2013). Further, in short term cultures of equine MSCs in
agarose hydrogels, withdrawal of dexamethasone had an adverse impact on matrix
accumulation when this factor was absent for longer than two days (Tangtrongsup and
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Kisiday 2016). Collectively, these data suggest there are species, age, cell source,
material context, and time dependent effects of dexamethasone on mesenchymal stem
and progenitor cell chondrogenesis.

Given these findings, the goal of this study was to investigate the effect of
dexamethasone in long term cultures of MSCs in HA hydrogels, both in chemically
defined condition and under ‘conflict’ condition wherein the constructs were transferred
to a more in vivo-like serum containing setting. In a first set of studies, we investigated
the maturation of MSC-laden HA constructs with various combinations of media
components that make up chemically defined media, with a particular focus on
dexamethasone and serum substitutes (e.g., ITS+ Premix) and the presence of serum.
In a subsequent study, based on the differential effect of dexamethasone on functional
properties during the culture period, we examined the short and long term effect of
dexamethasone presence and absence in chemically defined media conditions. Finally,
given that previous studies indicated an anti-inflammatory role for dexamethasone, we
assayed its role in attenuating matrix disruption when constructs were transferred to
serum containing ‘conflict’ media for extended culture.

5.2 Materials and Methods
5.2.1 Preparation of cell/tissue culture media
Basal media (BM; serum containing), chemically defined media (CM), or media with
addition/removal of CM components were prepared as outlined in Table 5-1. Basal
media (BM) consisted of high glucose DMEM with 10% fetal bovine serum (GibcoInvitrogen, Grand Island, NY) and 1% penicillin/streptomycin/fungizone (PSF) (GibcoInvitrogen, Grand Island, NY).
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Table 5-1: Combinatorial analysis of media components

This media was used to isolate and expand mesenchymal stem cells (MSCs).
Chemically defined media (CM) consisted of high glucose DMEM with 1x
penicillin/streptomycin/fungizone (PSF), 0.1 µM dexamethasone (DEX), 50 μg/mL
ascorbate 2-phosphate (AP), 40 μg/mL L-proline (PRO), 100 μg/mL sodium pyruvate
(SP), 6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 ng/mL selenious acid, 1.25 mg/mL
bovine serum albumin (BSA), and 5.36 µg/mL linoleic acid (LA). This chemically defined
media (CM) was further supplemented with 10ng/mL TGF-ß3 (R&D Systems,
Minneapolis, MN) to produce a chondrogenic induction media (CM+). To identify the
effect of the specific media components in CM+, additional formulations were developed
including DEX- (removal of dexamethasone from CM+), ITS/BSA/LA- (removal of serum
substitute from CM+) or Serum+ (addition of serum and removal of dexamethasone and
ITS/BSA/LA). These various media formulations are detailed in Table 5-1.

5.2.2 Preparation of mesenchymal stem cells (MSCs)
MSCs were isolated from juvenile bovine knees (Research 87, Bolyston, MA). To extract
bone marrow, cubes of trabecular bone were segmented from the epi- and metaphyseal
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region of the femur and tibia and were washed with medium containing 0.2% heparin
(Sigma-Aldrich, St. Louis, MO) in BM. The diluted bone marrow was washed in BM,
resuspended and plated onto tissue culture plastic. Adherent cells were noted within 5
days, and were expanded to passage 3 to obtain sufficient cell numbers for hydrogel
encapsulation.

5.2.3 MeHA synthesis
Synthesis of methacrylated hyaluronic acid (MeHA) was as previously described by
Burdick and co-workers (Burdick, Chung et al. 2005). Briefly, 1% w/v sodium
hyaluronate (65 kDa MW; Lifecore, Chaska, MN) dissolved in deionized water was
reacted with methacrylic anhydride (Sigma-Aldrich, St. Louis, MO) on ice at a pH of 8.0
with 5N NaOH (Sigma-Aldrich, St. Louis, MO) for 6 hours. This was followed by dialysis
(No.132670, 6kDa MWCO, Spectrum Laboratories, Inc, Rancho Dominguez, CA) to
remove unreacted byproducts for one week with repeated changes of distilled water.
The methacrylated HA (MeHA) solution was lyophilized and stored at -20◦C.

5.2.4 MSC encapsulation and construct culture
To form gels, lyophilized MeHA was dissolved at 1% w/v in PBS with 0.05% w/v
photoinitiator (Irgacure I2959, Ciba-Geigy, Tarrytown, NY). MSCs were resuspended at
a concentration of 60 million cells/mL and poured into a gel casting apparatus (Hoefer,
Inc., Hollison, MA) (Mauck, Soltz et al. 2000) and exposed to UV using a 365nm Blak
Ray UV lamp (UVL-56, San Gabriel, CA) for 10 minutes. The range of the UV was 320400 nm with a transmission maximum of 70% at 365 nm. To explore the effect of media
components in chondrogenic maturation of MSCs laden in HA hydrogels, cylindrical
constructs (Ø4 mm × 2.25 mm) were cored using a biopsy punch from the resulting
hydrogel slabs and cultured in CM+, DEX- (removal of dexamethasone in CM+),
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ITS/BSA/LA- (removal of serum substitute in CM+) or Serum+ (addition/removal of
serum, dexamethasone or ITS/BSA/LA) for 8 weeks (Table 5-1).

Each construct

received 1 mL of media, which was changed thrice weekly for the duration of the study.

5.2.5 Effect of dexamethasone on construct maturation
In preliminary studies, we found that after 4 weeks, in the absence of dexamethasone
(DEX-), functional properties of MSC-laden constructs were greater than those cultured
in the presence of DEX (i.e, CM+). However, the constructs cultured in the continued
absence of DEX showed a markedly decrease in properties after 8 weeks while those in
CM+ increased to a greater extent. To explore the short and long-term effects of DEX
inclusion or exclusion, MSC-laden HA constructs were cultured in CM+ (group C) for 4
weeks (0 – 4w), and then were maintained in CM+ (group C-C) or were transferred to
DEX- (group C-D; removal of DEX from CM+) for the next 4 weeks (4 – 8w). Likewise,
constructs cultured in DEX- (group D) for the first 4 weeks were converted to CM+
(group D-C) or were continuously cultured in DEX- conditions (group D-D) through 8
weeks (Table 5-2). The level and timing of GAG, collagen, and nitrite released from
constructs during the culture period were assessed using supernatants collected from
each media change.
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Table 5-2: Study design to test for the effect of dexamethasone (DEX) on MSC
chondrogenesis

5.2.6 Inhibitory effect of dexamethasone in the conflicting signal environment
Early results showed that transfer of constructs from CM+ to serum containing media
resulted in rapid loss of mechanical properties. To assess whether DEX could inhibit
GAG loss in the context of serum containing media, constructs were first cultured for 4
weeks in CM+ or Serum with or without DEX and/or TGF (TGF-/DEX+, TGF+/DEX- or
TGF+/DEX+) (see Table 5-3). Constructs cultured in Serum were harvested at 4 weeks,
while constructs maintained in CM+ for the first 4 weeks were either continuously
cultured in CM+ (CM+_CM+) or were converted to BM with or without DEX (TGF+/DEXor TGF+/DEX+) for the next 4 weeks (Table 5-3).

Table 5-3: Study design to test for the effect of serum containing media and the effect of
DEX.
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5.2.7 Cell viability
Cell viability was assessed using the LIVE/DEAD staining kit (Molecular Probes,
Invitrogen). Live (green) and dead (red) cells were determined by calcein AM and
ethidium homodimer (EthD-1), respectively.

5.2.8 Analysis of mechanical properties
Unconfined compression testing was carried out to determine bulk compressive
equilibrium (EY) and dynamic (|G*|) moduli of constructs as in Mauck et al (Mauck, Soltz
et al. 2000, Mauck, Wang et al. 2003). Compressive modulus was determined via a
stress-relaxation test including a step compression at 0.05%/sec to 10% strain after
creep loading to 0.02 N for 5 min. The relaxation phase was for 1000 seconds.
Subsequently, a 1% sinusoidal deformation was applied at 1.0 Hz to obtain the dynamic
modulus. Prior to mechanical testing, the top and bottom surfaces of constructs were
carefully planed using a freezing stage microtome to ensure an even contact surface.

5.2.9 Biochemical analysis
After mechanical testing, construct wet weight was measured followed by papain
digestion (1mL/construct, 0.56U/mL in 0.1M sodium acetate, 10M cysteine hydrochloric
acid, 0.05M ethylenediaminetetraacetic acid, pH 6.0) at 60°C for 16 hours. Sulfated
glycosaminoglycan (s-GAG) content was assessed using 1,9-dimethylmethylene blue
(DMMB) assays (Farndale, Buttle et al. 1986) . Orthohydroxyproline (OHP) content was
measured via reaction with chloramine T and diaminobenzaldehyde. Collagen content
was extrapolated from OHP using a 1:7.14 ratio of OHP (Neuman and Logan 1950).
DNA content was determined using Picogreen dsDNA assay kit (Molecular Probes,
Eugene, OR). In some studies, GAG, collagen, nitrite (Promega, Madison, WI), and
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MMP (AnaSpec, Fremont, CA) released from constructs was assessed using
supernatants collected each media change over the entire culture period.

5.2.10 Histological analysis
Constructs were fixed in 4% paraformaldehyde (PFA) for 24 hours and embedded in
paraffin. Sections (8 µm thick) were deparaffinized in a graded series of ethanol and
stained with Alcian Blue (pH 1.0) for proteoglycans (PG). Immunohistochemistry was
carried out to visualize type I, II collagen and chondroitin sulfate (CS). Samples
underwent antigen retrieval using hyaluranidase (HASE) from type IV bovine tests
(Sigma-Aldrich, St. Louis, MO) for 1 hour and followed by Protease-K (DAKO, Glostrup,
Denmark) for 4 minutes at room temperature. Endogenous peroxidase activity was
quenched by pretreating sections with 3% hydrogen peroxide. To block nonspecific
background staining, sections were incubated with 10% normal goat serum (SigmaAldrich, St. Louis, MO). Primary antibodies to type I collagen (MAB3391; Millipore,
Billerica, MA), type II collagen (II-II6B3; Developmental Studies Hybridoma Bank, Iowa
City, IA), and chondroitin sulfate (C8035, Sigma-Aldrich, St. Louis, MO) were used for
immunolabeling. Antibody diluent solution (DAKO, Glostrup, Denmark) was used to
dilute primary antibodies. After incubation with primary antibodies (overnight at 4ºC),
sections were washed and treated with bioinylated goat anti-rabbit IgG secondary
antibodies followed by streptavidin horseradish peroxidase (HRP).

Sections were

reacted with DAB chromogen reagent for 10-20 min (DAB150 IHC Select, Millipore,
Billerica, MA). Native tissues (osteochondral plug and tendon) were used as negative or
positive controls. Color images were captured at magnification of 2.5 or 25X using a light
microscope (Leica DMLP, Leica Microsystems) or Eclipse 90i upright microscope (Nikon
Corp).
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5.2.11 Statistical Analysis
Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT software
Inc., San Jose, CA). Significance was determined by two-way ANOVA with Tukey’s post
hoc test (p<0.05).

5.3 Results
5.3.1 Influence of media components on the functional maturation of MSC-laden HA
hydrogel constructs
Four media formulations were initially screened (Table 5-1). Live/Dead staining showed
that MSCs were viable only in CM+ and DEX- conditions, and that constructs in these
conditions maintained their initial shape and produced robust matrix (Fig 5-1A, Table 54). Conversely, cells in ITS/BSA/LA- and Serum+ conditions did not remain viable, and
these constructs contracted significantly over the culture period. Equilibrium modulus
(EY) and GAG content of constructs in CM+ and DEX- reached to 181 kPa (3.1 %WW)
and 296 kPa (4.2 %WW) at 4 weeks, respectively, while the ITS/BSA/LA- and Serum+
constructs had no mechanical properties and lower GAG content (1.1 and 1.5%WW,
respectively) (Fig 5-1A and B). At 4 weeks, the mechanical properties and GAG content
of constructs in the absence of dexamethasone (DEX-) were 63% (p=0.838) and 37%
(p=0.461) greater than those cultured in the presence of dexamethasone (CM+),
respectively. Interestingly, however, properties in CM+ and DEX- conditions reversed at
8 weeks, reaching 480 kPa/4.7 %WW and 211 kPa/3.3 %WW, respectively. Mechanical
properties and GAG content of constructs in CM+ were 2.2 (p=0.002) and 1.42
(p=0.032) times greater than those cultured in DEX- at this 8 week time point. Collagen
content increased with time for all media conditions, except for Serum+, regardless of
the presence or absence of DEX (Fig 5-1C). Similarly, Alcian blue staining showed
marked PG production in constructs cultured in CM+ and DEX- at 4 weeks compared to
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ITS/BSA/LA- and Serum+ conditions. However, PG accumulation of constructs in the
absence of dexamethasone (DEX-) decreased in extracellular matrix (ECM) after 8
weeks. (Fig 5-1D and 5-2)

Figure 5-1: Influence of media components on functional properties of MSC-laden HA
constructs. (A) Equilibrium modulus (EY; kPa) (Inset: gross images of constructs cultured
in different media combinations at 8 weeks), (B) GAG (%WW), (C) Collagen (%WW) (D)
Alcian blue staining at 4 weeks (top) and 8 weeks (bottom). (N = 4/group; Lighter bars =
4w, Darker bars = 8w; Scale bar = 100 μm; *p<0.05)

5.3.2 Short and long term effects of dexamethasone on construct maturation
Given that dexamethasone seemed dispensable in the first period of culture, we next
carried out a study exploring the timing of exposure. Consistent with the previous study,
the mechanical properties and GAG content of constructs in the DEX- condition (267
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kPa and 3.5% WW) were greater than these in CM+ (198 kPa and 3.1% WW) at 4
weeks (Fig 5-3A and B, Table 5-5).

Figure 5-2: Histological analysis of MSC-laden constructs cultured in different media. (A)
Alcian blue (B) Type II collagen, (C) Chondroitin sulfate at 8 weeks. (Scale bar = 1 mm)

Table 5-4: Mechanical and biochemical properties of MSC-laden constructs with various
media formulations at 4 and 8 weeks (mean ± SD; N=4 /group)
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Figure 5-3: Short- and long-term effect of dexamethasone on MSC-laden HA constructs.
(A) Equilibrium modulus (EY; kPa), (B) GAG (%WW), (C) Collagen (%WW), (D) Alcian blue
staining at 4 weeks (CM+ or DEX-; Top) and 8 weeks (C-C, C-D, D-C or D-D; Middle and
Bottom), (E) GAG in media (μg/mL), (F) Nitrite in media (μM/mL) (N = 4/group; Lighter bars
= 4w, Darker bars = 8w; Solid fill = CM+; Pattern fill = DEX-; Scale bar = 100 μm; 20X
magnification;

*p<0.05). (C-C group: constructs cultured in CM+ for the first 4 weeks
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followed by 4 weeks in CM+; C-D groups: constructs cultured in CM+ for the first 4 weeks
followed by 4 weeks in DEX-; D-C group: DEX- for the first 4 weeks followed by CM+ for 4
weeks; D-D group: DEX- for the first 4 weeks followed by DEX- for 4).

However, when continuously cultured in DEX- conditions, construct properties
decreased by 8 weeks (25 kPa; p<0.0001 and 1.6% WW; p<0.0001, respectively).
Likewise, when constructs cultured in CM+ were switched to DEX- conditions, construct
properties markedly decreased (25 kPa; p=0.008 and 1.5% WW; p<0.0001, respectively)
by 8 weeks. However, constructs that were continuously cultured in CM+ or were
switched to CM+ after the first 4 week of culture in DEX- slightly increased or maintained
their properties (290 kPa and 4.1 %WW (p=0.009) for the C-C group and 285 kPa and
3.6 %WW for the D-C group). Consistent with the previous study, collagen content was
independent of the addition or removal of dexamethasone, generally increasing with
culture duration (Fig 5-3C).

Table 5-5: Effect of DEX on the functional maturation of MSC-laden HA constructs at 4 and
8 weeks (mean ± SD; N=4 /group).
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Alcian blue staining showed robust PG deposition in CM+ and DEX- after 4 weeks, with
greater intensity in the peripheral region compared to the core. Constructs continuously
cultured or switched to CM+ accumulated intense ECM and PCM in the periphery and
core regions, whereas those cultured or switched to DEX- decreased in PG content,
particularly in the peripheral region (Fig 5-3D and 5-4). GAG and nitrite release from
constructs increased with the switch to DEX- conditions (at week 4) and continued to
increase over the next 3 weeks whereas constructs maintained in CM+ conditions
showed a lower release of both (Fig 5-3E and F). Collagen release was low and
unchanged, regardless of media condition (data not shown).
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Figure 5-4: Histological analysis of MSC-laden constructs to determine the effect of DEX in
defined media. (A) Alcian blue, (B) Type II collagen, (C) Chondroitin sulfate at 4 (top) and 8
weeks (bottom). (2.5X; scale bar = 1 mm). (Construct cultured in CM+ [C) or DEX- [D] for
the first 4 weeks (top) with continuous (C-C or D-D) or addition/removal (C-D or D-C) of
dexamethasone in defined media for the following 4 weeks (bottom) (2.5X; scale bar=1
mm)

5.3.3 Dexamethasone attenuates GAG loss with transfer to serum-containing media
Constructs cultured in Serum in the absence or presence of TGF and/or DEX (Serum
[TGF-/DEX+], Serum [TGF+/DEX-] and Serum [TGF+/DEX+]) failed to mature from the
outset, contracted and/or produce little matrix after 4 weeks (0 kPa and 0.2-0.8 %WW).
Conversely, those in CM+ produced robust matrix (230 kPa; p=0.001 vs. all Serum
conditions and 2.9 %WW; p=0.001, 0.009 and 0.005 vs. Serum conditions, respectively)
(Fig 5-5A-C, Table 5-6). Likewise, GAG release from Serum media conditions was low,
similar to day 0 levels (Fig 5-5D). When constructs were switched to Serum
(Serum[TGF+/DEX-] or Serum[TGF+/DEX+]) after pre-culture in CM+ for 4 weeks,
constructs lost mechanical properties entirely (0 kPa for Serum[TGF+/DEX-]; p<0.0001)
or significantly (21 kPa for Serum[TGF+/DEX+]; p<0.0001) compared to those that were
in CM+ for the entire 8 weeks. Interestingly, their gross appearance did not change (Fig
5-5A). However, GAG loss in the group cultured in the presence of DEX
(Serum[TGF+/DEX+]) was only 34% compared to the level at 4 weeks while that in the
absence of DEX (Serum[TGF+/DEX-]), GAG loss reached 80% over the ensuing 4
weeks (Fig 5-5B). Consistent with previous findings, collagen content did not change
(Fig 5-5C). GAG release from constructs occurred almost immediately when converted
to Serum, and lasted through the culture duration. GAG loss in Serum supplemented
with dexamethasone was slightly lower (Fig 5-5E). MMPs release to the media was
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similar to GAG, with no pronounced effect of dexamethasone (Fig 5-5F). Nitrite and
collagen release (data not shown) had no changes. Alcian blue staining showed that
constructs cultured in Serum produced little to no matrix and showed with marked
contraction (left column). Constructs in CM+ grew well and produced robust matrix with
time in culture (middle). However, when the constructs were switched to Serum, GAG
loss was partially inhibited for constructs in the presence of dexamethasone, whereas
constructs switched to Serum in the absence of dexamethasone showed marked GAG
depletion (Fig 5-5G and 6; right).

Table 5-6: Impact of serum containing media and the effect of DEX on the functional
properties of MSC-laden constructs (mean ± SD; N=4 /group).
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Figure 5-5: Functional properties of MSC-laden HA constructs in defined media or with
transfer to serum containing media. (A) Equilibrium modulus (E Y; kPa), (B) GAG (%WW),
(C) Collagen (%WW). (D and E) GAG in media (μg/mL) over first 4 weeks (D) and following
4 weeks (E). (F) MMPs in media (mM/mL) (N = 3/group; *p<0.05), (G) Alcian blue staining:
constructs were cultured in serum containing media for 4 weeks with the addition/removal
of DEX or TGF (Left). Constructs were cultured in CM+ for the first 4 weeks and continued
in CM+ or switched to Serum with the removal/addition of DEX/TGF.
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Figure 5-6: Histological analysis of MSC-laden constructs cultured with transfer to serum
containing media at 4 and 8 weeks with or without dexamethasone and TGF-β3. (10X;
scale bar = 100 μm)

5.4 Discussion
In this study, we determined the roles of various chemically defined media components
on the chondrogenesis and functional maturation of MSCs-laden constructs. Further, we
defined the role of dexamethasone during culture in these chemically defined conditions
and after transition of constructs to a conflicting (in vivo-like) environment. Our findings
show that MSC-laden constructs produce robust matrix in CM+ conditions, and that
mechanical properties and GAG content were greater in the absence of dexamethasone
(DEX- condition) after 4 weeks. However, we also noted that with the prolonged absence
of dexamethasone, the mechanical properties and GAG content of these constructs
markedly decreased by 8 weeks, whereas those constructs cultured in CM+ conditions
for entire period shoed persistent increases throughout this time period. This indicates
that dexamethasone plays a key role in regulating pro-chondrogenic and anti69

inflammatory activities, consistent with previous studies (Mackay, Beck et al. 1998,
Florine, Miller et al. 2013), and supports long term tissue formation and maturation.

Our data also showed that no matrix was produced when constructs were cultured in
absence of a serum substitute (ITS/BSA/LA- condition) or in serum containing media
(Serum+ condition). ITS/BSA/LA include essential components in chemically defined
media, namely insulin, transferrin, selenium, bovine serum albumin (BSA) and linoleic
acid (Yamane, Murakami et al. 1975, Morris, Cripe et al. 1984, Gstraunthaler 2003), and
is commonly used as a serum replacement (i.e., ITS Premix+) to improve consistency of
in vitro studies. Insulin is crucial for glucose transport into cultured cells, and transferrin
is an ion carrier reducing toxic levels. Selenium, as sodium selenite, is a cofactor for
selenium-dependent

enzyme

activities

(e.g.,

glutathione

reductase,

glutathione

peroxidase), and inhibits oxidation. Linoleic acid is a precursor of prostaglandins,
glycolipids, and vitamins, while albumin serves as a plasma substitute for the growth of
cultured cells.

The absence of growth of constructs in media formulations lacking

ITS/BSA/LA indicate that these molecules are indispensable in chemically defined media
formulations. We also noted that constructs cultured in Serum+ conditions contracted
immediately, showing aggregation of MSCs that culminated in the formation of a central
pellet-like structure that separated from the HA hydrogel. These data indicate that serum
elements are essential for construct growth, but that other elements in serum can limit
matrix formation by MSCs.

Based on our observation of a differential effect of dexamethasone on functional
maturation during the culture period, we further investigated how dexamethasone
regulated functional properties with time in culture. Consistent with previous results,
constructs produced greater mechanical properties and GAG content in the absence of
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dexamethasone (DEX- condition) through 4 weeks, compared to constructs cultured in
the presence of dexamethasone (CM+ condition). However, constructs cultured with the
continuous absence of dexamethasone (the D-D condition) showed a marked decrease
in properties by 8 weeks compared to those with the continuous addition of
dexamethasone (the C-C condition. Interestingly, when dexamethasone was added later
in culture (the D-C group), construct properties were maintained through the 8 weeks.
Conversely, when dexamethasone was withdrawn at 4 weeks (the C-D condition),
construct properties decreased to the level of the D-D condition. This suggests that the
presence of dexamethasone is essential during the latter phases of construct
maintenance, but may not be necessary during the rapid growth phase of construct
maturation.

These mechanical and biochemical analyses were largely confirmed by histological
assessment, which also showed that constructs with continuous addition of
dexamethasone (the C-C condition) or with dexamethasone added later (the D-C
condition) retained a dense matrix in both peripheral and central regions. Conversely,
the removal or absence of dexamethasone resulted in marked depletion of GAG, with
greater loss in the peripheral region. Analysis of loss of GAG and nitrite content
(indicative of inflammation) in media showed that all groups had low levels, regardless of
the presence of dexamethasone, at 4 weeks. Later, however, levels of both indicators of
a catabolic state gradually increased for constructs cultured without dexamethasone (the
C-D and D-D conditions), while release of GAG and nitrite production by constructs with
dexamethasone remained lower. These data are consistent with reports suggesting that
constructs produce greater properties in the absence of dexamethasone over the short
term (through week 4), but are also consistent with the requirement of dexamethasone
to retain these properties over longer durations (through week 8). Given the finding of
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increased nitrite in media over this period, the role of dexamethasone during this period
may arise from the state of cells after maturation is complete. It has been reported that
IGF-1 (insulin-like growth factor-1) signaling, which maintains cartilage homeostasis in
healthy cartilage, is sensitive to nitric oxide (NO). The presence of NO decreases IGF
receptor expression and makes cartilage insensitive to the anabolic effects of IGF-1
(Studer, Levicoff et al. 2000, Studer 2004). This effect of NO was enhanced when
glutathione (an anti-oxidant) was depleted from the media (Studer 2004). This implies
that reactive oxygen species (ROS) that arise during long term culture (due to cell
stress) may be mitigated by the action of dexamethasone, making this factor essential
for the stability of MSC-based engineered cartilage cultured in vitro for long periods.

Based on the finding that dexamethasone is essential for the long term stability of
chondrogenic MSC-based constructs, we next queried the potential protective role of this
factor when constructs were transferred to in vivo like conditions including serum, a
‘conflict’ signal. Constructs cultured from the outset in serum containing media (Serum+),
with or without dexamethasone, failed to mature and produced no matrix. However,
when constructs were pre-cultured in CM+ for 4 weeks, and then converted to Serum+,
dexamethasone had a positive effect on long term outcomes.

That is, while all

constructs lost mechanical properties compared to their week 4 values in serum
containing media, GAG loss was attenuated with dexamethasone (34% loss compared
to 80% loss without dexamethasone at 8 weeks). Interestingly, GAG release after
transfer to serum containing media (Serum+) occurred very rapidly, reaching a maximum
in one week. This suggests that dexamethasone delivery may be optimized to sustain
construct properties in the long term by systemic or local delivery post-implantation.
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Since local delivery of dexamethasone may be required, it is auspicious that numerous
methods to deliver dexamethasone and other growth factors have been introduced for
cartilage repair. For example, early work by Nuttelman et al. generated dexamethasonereleasing poly(ethylene glycol) (PEG)-based hydrogels, where dexamethasone was
covalently linked to a photo-reactive PEG molecule via a degradable lactide bond. This
allowed for sustained release of dexamethasone with in vivo hydrolysis of the ester bond
(Nuttelman, Tripodi et al. 2006). Other work, by Na et al., fabricated a thermo-reversible
hydrogel using poly(NiPAAm-co-AAc) as an injectable drug delivery vehicle with coencapsulated dexamethasone and TGFβ3 (Na, Park et al. 2006, Na, Kim et al. 2007).
Similarly, local dual delivery of dexamethasone/TGF-β3 via with heparin in or on PLGA
microspheres has been demonstrated to promote rabbit MSC chondrogenesis (Park, Na
et al. 2009). Most recently, Roach et al. demonstrated delivery of dexamethasone via
PLGA microspheres in a chondrocyte-laden agarose hydrogel (Roach, Kelmendi-Doko
et al. 2016). Kopesky et al., utilized a self-assembled peptide hydrogel (i.e., AcN(KLDL)3-CNH2) encapsulated with TGF-β1 for sustained delivery of TGF-β1 (Kopesky,
Byun et al. 2014). Jung et al., introduced monoCB[6]/DAH-HA (monofunctionalized
cucurbit[6]uril-HA (CB[6]-HA), diamino-hexane conjugated HA (DAH-HA), and drug
conjugated CB[6] (drug-CB[6])) for controlled chondrogenesis of human MSCs (Jung,
Park et al. 2014). Finally, Bajpayee et al. introduced avidin for charge based
intraarticular delivery of a single dose of dexamethasone, and demonstrated that this
single dose was both quickly and slowly released (Bajpayee, Wong et al. 2014,
Bajpayee, Quadir et al. 2016).

Collectively, our findings support the importance of dexamethasone in improving and
maintaining functional MSC chondrogenesis in HA hydrogels. Targeted delivery and
controlled release of dexamethasone (and TGF-β3) and recent advances in drug
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delivery systems to enable their release, may enable successful cartilage repair with
MSC-based engineered tissue constructs by controlling tissue homoeostasis and
promoting long term function.
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CHAPTER 6: Extracellular Vesicles Mediate Improved Functional Outcomes in
Engineered Cartilage Produced from MSC/Chondrocyte Co-cultures

6.1 Introduction
Mesenchymal stem cells (MSCs) are an attractive cell source for regenerative medicine
and especially for cartilage therapeutics as these cells can undergo chondrogenesis in a
variety of 3D contexts (Huang, Yeger-McKeever et al. 2008). Focused efforts in MSCbased cartilage tissue engineering have culminated in the reliable formation of cellbased materials possessing biochemical and functional properties that are equivalent to
that of the native tissue (Erickson, Kestle et al. 2012). Despite the promise of this
approach, MSCs are and remain a multipotent cell type (Pittenger, Mackay et al. 1999),
and show an unfortunate predilection towards hypertrophic conversion when removed
from carefully controlled chemically defined in vitro media conditions (Mueller and Tuan
2008). Furthermore, it has been well established that both the number and chondrogenic
capacity of MSCs decreases with organismal aging (Erickson, van Veen et al. 2011).
This decline in MSC number and capacity with aging makes cartilage repair procedures
that rely on an endogenous progenitor cell source contraindicated in aged persons
(Kretlow, Jin et al. 2008). Although chondrocytes (CH) are the current clinical cell source
for cartilage repair procedures (Huang, Hu et al. 2016), and are generally superior to
MSCs in matrix production and phenotypic stability (Erickson, Huang et al. 2009), the
scarcity of this cell type limits their more widespread application, as does their loss of
phenotype with monolayer expansion, their decrease in potential with aging, and the
requirement

for two independent surgical events for this procedure (Darling and

Athanasiou 2005, Kretlow, Jin et al. 2008, Ruta, Villarreal et al. 2016).
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To address these issues, a number of studies have explored the co-culture of
chondrocytes and chondrocyte-like cells with MSCs in monolayer, pellet, and 3D
hydrogel culture environments (Richardson, Walker et al. 2006, Fischer, Dickhut et al.
2010, Aung, Gupta et al. 2011, Bian, Zhai et al. 2011, Meretoja, Dahlin et al. 2012,
Strassburg, Hodson et al. 2012, Wu, Prins et al. 2012). While most such studies report
some positive effect of co-culture, the directionality of intercellular communication
remains controversial. That is, some groups have suggested that CHs enhance the initial
efficiency of MSC chondrogenesis, as well as limit hypertrophic changes, and that CHs
accomplish this through secretion of morphogens that are taken up by neighboring
MSCs (Fischer, Dickhut et al. 2010, Aung, Gupta et al. 2011, Bian, Zhai et al. 2011).
Conversely, others have suggested that MSCs improve CH proliferation and function
while attenuating inflammation, resulting in improved matrix deposition (Meretoja, Dahlin
et al. 2012, Wu, Prins et al. 2012). Still other studies suggest a bi-directional exchange
between the two cell types during co-culture (Strassburg, Hodson et al. 2012).

Despite the distinct findings, it is generally agreed that the molecular factors mediate the
intercellular communication of co-culture. However, it also remains unclear as to the
distinct mechanism by which these intercellular signals are conveyed. For instance, cells
may signal over a long distance or influence only neighboring or connected cells, and
they might do so through direct cytoplasmic transfer (i.e., through gap junctions), via
local secretion of the factor, or via facilitated transport through the extracellular space.
Some studies have reported different outcomes of co-culture based on either the
intercellular distance or the density of the intervening materials (Lai, Kajiyama et al.
2013, de Windt, Saris et al. 2015). These findings may in part be explained by the recent
description of cell-derived extracellular vesicles (EVs; exosomes and micro-vesicles) that
can carry proteins, enzymes, mRNAs, miRNAs and DNA between cells (Muralidharan76

Chari, Clancy et al. 2010, Gyorgy, Szabo et al. 2011, Raposo and Stoorvogel 2013,
Malda, Boere et al. 2016). Given that the diffusivity of these larger particles through a
porous medium may be hindered, it is possible that EVs play an important role in
intercellular communication during co-culture (Chen, Liang et al. 2012, Malda, Boere et
al. 2016).

To explore these questions in detail, we developed a 3D hyaluronic acid (HA) hydrogel
culture system in which to better define the mechanism of MSC/CH co-culture. Because
CHs from different regions of articular cartilage retain different matrix forming capacity
and phenotype (Cheng, Conte et al. 2007), we first assayed whether zonal origin
impacted co-culture outcomes, and whether this depended on the age of the recipient
MSCs. Next, we identified the distance over which the molecular factors could effectively
induce the co-culture effect. Finally, we queried the molecular factors and pathways that
mediated the co-culture effect, and determined how these factors were transferred
between releasing and recipient cells. Our results demonstrate that passaged CHs from
all zones retain their zonal characteristics and the ability to rejuvenate the chondrogenic
capacity of adult MSCs in co-culture. Our data further support the idea that co-culture
can only function when the two cell types are close to one another, and that the recipient
MSC population undergoes marked shifts in expression profiles. Finally, we demonstrate
that extracellular micro-vesicular transport is a primary mediator and requisite feature of
intercellular communication in this co-culture system. These findings will forward the
development of new therapeutic agents and more effective delivery systems to promote
functional cartilage tissue formation by adult autologous MSCs.

6.2 Materials and Methods
6.2.1 Isolation of zonal chondrocytes (CHs) and mesenchymal stem cells (MSCs)
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Chondrocytes and MSCs were isolated from bovine stifle joints (Juvenile: Research 87,
Bolyston, MA; Adult: Animal Technologies, Tyler, TX) (Figure 6-1A). Full-thickness
juvenile cartilage segments were excised from the femoral condyle and divided into
three layers (Ng, Ateshian et al. 2009). The top-most 100μm thick layer at the articular
surface was carefully removed and taken as the superficial zone (S). The segment from
the bony surface to just above the tide mark was removed and discarded. The remaining
“top” half of the tissue segment was considered as middle zone (M) and the “bottom” half
as deep zone (D) cartilage. These separated zonal cartilage tissues were minced and
digested with collagenase to obtain respective zonal CH populations. MSCs were
isolated from juvenile (JMSC) or adult (AMSC) bone marrow as described previously
(Huang, Yeger-McKeever et al. 2008, Erickson, van Veen et al. 2011). These zonal CHs
and MSCs were separately maintained in basal medium consisting of high glucose
Dulbecco’s modified Eagle’s medium (DMEM; ThermoFisher, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS; ThermoFisher, Grand Island, NY) and
1% penicillin/streptomycin/fungizone (PSF; ThermoFisher, Grand Island, NY). Cells of
both type were expanded in culture through passage 3~4. To monitor the distribution of
each cell population in 3D culture, cells were trypsinized, washed with PBS, and labeled
with CellTracker (Molecular Probes, Eugene, OR; CHs = Red and MSCs = Green) prior
to encapsulation.

6.2.2 MeHA synthesis and cell encapsulation
Methacrylated hyaluronic acid (MeHA) was synthesized as described previously. Briefly,
1% w/v sodium hyaluronate (65 kDa HA; Lifecore Biomedical, Chaska, MN) was reacted
with methacrylic anhydride (Sigma, St. Louis, MO) on ice at pH 8.0 for 6 hours followed
by dialysis (6kDa MW cutoff, Spectrum Labs, Rancho Dominguez, CA) to remove
unreacted byproducts for 7 days. Then, the MeHA solution was lyophilized and stored at
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−20oC. To form gels, lyophilized MeHA was dissolved at 1% w/v in PBS with 0.05% w/v
photoinitiator (Irgacure I2959, CibaGeigy, Tarrytown, NY).

6.2.3 Establishment of zonal CH and MSC co-cultures
To determine whether zonal chondrocyte (CH) identity differentially contributed to MSC
fate and/or how aging impacted MSC response to co-culture, CellTracker-labeled
juvenile zonal CHs were mixed with juvenile or adult MSCs (zonal JCH:JMSC or zonal
JCH:AMSC) at a 1:4 ratio (20% CH:80% MSC). This cell mixture was formed in 1%
MeHA solution, with a final cell concentration of 60 million cells/mL. Gel-cell mixtures
were poured into a gel casting device (Hoefer, Inc., Hollison, MA) and exposed to UV
using a 365 nm BlakRay UV lamp (#UVL56, San Gabriel, CA) for 10 minutes. The range
of the UV was 320–400 nm, with a transmission maximum of 70% at 365 nm. Cylindrical
cores (Ø4 mm × 2.25 mm) were removed from the resulting HA gel sheets using a sterile
biopsy punch. These constructs were then cultured in chemically defined media (CM) (2
mL/construct) with TGF-β3 (10ng/mL; R&D Systems, Minneapolis, MN) (CM+). CM
consisted of high glucose DMEM supplemented with 1% PSF, 0.1 μM dexamethasone,
50 μg/mL ascorbate 2-phosphate, 40 μg/mL L-proline, 100 μg/mL sodium pyruvate, 6.25
μg/mL insulin, 6.25 μg/mL transferrin, 6.25 ng/mL selenious acid, 1.25 mg/mL bovine
serum albumin (BSA), and 5.36 μg/mL linoleic acid. Media were changed thrice weekly
for up to 8 weeks. Tracker-labeled cells were observed using a Nikon Eclipse TE2000-U
inverted microscope (Nikon Instruments Inc., Melville, NY, USA) or a Nikon A1R
confocal microscope (Nikon Instruments Inc., Melville, NY, USA).

6.2.4 Assessment of co-culture efficacy
To determine whether co-culture of zonal CHs and MSCs in HA hydrogels resulted in an
improvement in outcomes, we determined the efficacy of co-culture by computing a ratio
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of the actual (Y-axis) to the expected (X-axis) outcomes (mechanical properties and
biochemical content, described below) based on the relative contribution of each cell
type and their individual performance (Fig 6-1C and D; Fig 6-2A and B; 6-4A and B).
Expected values were calculated based on the rule of mixtures, where the expected
outcome was the sum of 20% of the performance of zonal CHs on their own and 80% of
the performance of MSCs on their own (Expected = 0.2* Actual CH + 0.8* Actual MSC).
In cases where there was a ‘synergistic’ effect, the actual value was greater than
expected (actual>expected), and these samples were located on the upper-left quadrant
of the plot. In cases where there was a ‘negative’ effect (actual<expected), samples
were located the lower-right quadrant of the plot. Finally, in cases where the two cell
types were ‘independent’ or had no synergistic/co-culture effect (actual=expected), the
samples fell along the diagonal (dashed) line.

6.2.5 Influence of intercellular distance on co-culture outcomes
To investigate how far molecular factors might travel from releasing to recipient cells
within HA culture, JCHs and AMSCs were seeded in constructs at varying distances to
provide increasing separation between two cell populations: these included ‘mixed’,
‘fused’, or ‘distanced’ configurations (Figure 6-5A). JCHs and AMSCs were isolated,
expanded (P2-3), and seeded at 60 million cells/mL in 1% w/v HA hydrogels
(JCH:AMSC = 1:4) at varying distances. First, “mixed” populations were seeded as a
single mixture in one layer to provide the shortest possible distance over which
molecular factors might travel. Second, CH-seeded and MSC-seeded layers were
“fused” by creating a bi-layered construct. Finally, CH-seeded and MSC-seeded layers
were constructed as a tri-layered ‘barrier’ construct, with an acellular HA gel segment
interposed between the cell-seeded layers in the middle of the construct (MSC-barrier-
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CH) (Figure 6-5B). These constructs were cultured in CM+, with media changed thrice
weekly for 56 days.

6.2.6 Molecular profiling of MSCs during co-culture
To investigate molecular pathways that might mediate the co-culture effect, we
evaluated genome-wide changes in mRNA expression in AMSCs that had been cocultured with JCHs for a short period of time, in the absence or presence of TGF,
compared to AMSCs that were cultured alone. To enable sorting of distinct cell
populations, AMSCs (green) and JCHs (red) were labeled with CellTracker (Molecular
Probes) prior to encapsulation (Figure 6-7A). AMSCs alone (AMSC) or mixed (coculture, CO) cell populations (MSC:CH ratio = 4:1) were encapsulated at 20×106
cells/mL in 1% MeHA. Constructs (Ø4 × 0.75 mm) were cultured in CM in the absence
(TGF-) or presence (TGF+) of TGF-β3 (10ng/mL). On day 10, constructs were minced
and digested with hyaluronidase (100U/mL) (Burdick, Chung et al. 2005) to re-isolate
cells from constructs. Isolated cells were suspended in PBS with 1% BSA and
maintained on ice prior to sorting. Cell mixtures underwent fluorescence activated cell
sorting (FACS) using a BD Aria II cell sorter (BD Biosciences, San Jose, CA). Cell
populations were sorted into Trizol (in 1.5 mL Eppendorf tubes), vortexed for 10 min, and
stored at -80C until RNA isolation.

Sorting resulted in AMSC populations remained green in co-culture (AMSC: CO G) or
had become double positive (AMSC: CO DP) as well as those that were cultured alone
(green; AMSC: G) in the absence or presence of TGF. RNA was isolated from these
populations (microRNeasy mini kit, Qiagen) and subjected to microarray analysis
(Bovine Genome 1.0st, Affymetrix) by the Penn Microarray Facility. This included quality
control tests of total RNA by Nanodrop spectrophotometry and analysis of RNA quality
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via Bioanalyzer. All protocols used to carry out RNA isolation, quality control, and
microarray analysis were as previously described (Huang, Stein et al. 2010). The study
was repeated three times with mixed donor sets used in each replicate. The Ingenuity
software was used to identify pathways associated with co-culture, grouping genes that
were differentially regulated with a false discovery rate (q-value) of 0.25 and fold change
of >1.5. Fold change was compared across four groups (CO+ vs. MSC+, MSC+ vs.
MSC-, CO- vs. MSC- and CO+ vs. CO-) to assess how the molecular factors secreted
from CH in the absence (JCH-TGF) or presence of (JCH+TGF) TGF altered the
expression profiles of AMSCs compared to AMSCs that were exposed to only TGF.

6.2.7 Probing mechanisms of intercellular communication
To identify whether intercellular communication occurred through the release of
extracellular vesicles (EVs), we first inhibited endocytic pathways. Co-culture constructs
were maintained in CM+ (control) supplemented with a high dose of Dyngo 4a (50μM;
Abcam, to inhibit dynamin and t-SNARE mediated vesicle fusion) or Pitstop2 (50μM;
Abcam, to inhibit clathrin mediated vesicle formation) for 42 days. To determine the
dose-dependent impact and reversibility of Pitstop2 in exocytic release of extracellular
proteins, JCH-laden constructs were cultured in CM+ in the presence of Pitstop2 at a
varying concentration (0, 10, 25, and 50μM) for the first 21 days (D0-21) followed by
culture for an additional 21 days (D22-42) in the absence of Pitstop2 (Figure 6-9A). Cell
viability was evaluated using the Live/Dead assay (Molecular Probes) at day 42. After
determining an optimal dose of Pitstop 2 (25μM), cell-laden constructs (JCH, AMSC
alone, or co-cultured) were cultured in CM+ supplemented with Pitstop2 (0 or 25μM) for
42 days (Figure 6-10A).

6.2.8 Analysis of mechanical properties
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To determine mechanical properties of constructs, unconfined compression testing was
carried out as in (Mauck, Soltz et al. 2000). The equilibrium modulus was determined via
a stress-relaxation test. Constructs underwent creep loading to 0.02 N applied over 5
minutes. After creep loading, samples were compressed at 10% strain from the post
creep construct thickness with a step compression at 0.05%/sec, followed by a
relaxation phase lasting for 1000 seconds. After stress relaxation, a 1% sinusoidal
deformation was applied at 1.0 Hz to obtain the dynamic modulus.
6.2.9 Biochemical Analysis
After mechanical testing, construct wet weight was measured followed by papain
digestion at 60°C for 16 hours. Glycosaminoglycan (GAG) content was determined using
the 1,9 dimethylmethylene blue (DMMB) assay (Farndale, Buttle et al. 1986). Collagen
content was extrapolated from orthohydroxyproline (OHP) content assessed by reaction
with chloramine T, using a 1:7.14 (OHP: collagen) ratio (Neuman and Logan 1950).

6.2.10 Histological Analysis
Constructs were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin.
Sections (8μm thick) were deparaffinized in a graded series of ethanol and stained with
Alcian Blue (pH 1.0) for proteoglycans (PG). Immunohistochemistry was carried out to
visualize type I and type II collagen and chondroitin sulfate (CS). Samples underwent
antigen retrieval using hyaluronidase (HASE) from type IV bovine testes (Sigma-Aldrich,
St. Louis, MO) followed by Protease-K treatment (DAKO, Glostrup, Denmark).
Endogenous peroxidase activity was quenched by pretreating sections with 3%
hydrogen peroxide. To block nonspecific staining, sections were incubated with 10%
normal goat serum (Sigma-Aldrich, St. Louis, MO). Primary antibodies for type I
(MAB3391, Millipore, Billerica, MA) and type II collagen (II-II6B3; Developmental Studies
Hybridoma Bank, Iowa City, IA) and chondroitin sulfate (C8035, Sigma-Aldrich, St.
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Louis, MO) were used. After incubation with primary antibodies (overnight at 4ºC),
sections were treated with biotinylated goat anti-rabbit IgG secondary antibodies
followed by streptavidin horseradish peroxidase (HRP) and reacted with DAB
chromogen reagent for 10-20 min (DAB150 IHC Select, Millipore, Billerica, MA). Stained
images were captured using a light microscope (Leica DMLP, Leica Microsystems).

6.2.11 Statistical Analysis
Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT
Software Inc., San Jose, CA). Significance was determined by two-way ANOVA with
Tukey’s post hoc test (p < 0.05). Data represent the mean ± the standard deviation.

6.3 Results
6.3.1 Co-culture of juvenile CHs with adult MSCs improves functional outcomes.
Constructs seeded with zonal JCHs, JMSCs alone, or mixed co-cultured (JMSC/JCH)
cell populations in HA hydrogels were geometrically stable with time and slightly
increased in volume for all groups (Figure 6-1). AMSCs cultured alone aggregated
together and separated from the HA, resulting in the formation of a small single mass
(Figure 6-1C and D). However, co-culture constructs seeded with both cell populations
(AMSC/JCH) in HA slightly contracted early in culture but were geometrically stable over
56 days (Figure 6-1D-F). CHs and MSCs seeded in HA hydrogels retained CellTracker
signal through the culture period, and their ratio (MSC/CH) on day 56 was only slightly
lower than that at the day 0 (Figure 6-2B). Construct mechanical property and GAG
content for JCH-laden construct groups (S, M and D) increased with time and depended
on the zonal origin of the JCHs; lower properties were achieved with superficial JCHs
(202-387 kPa and 2.9-3.4 %WW GAG) and higher properties with deep zone JCHs
(515-702 kPa and 5.5-5.8 %WW GAG).
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Figure 6-1: Growth of zonal JCH-, AMSC- and Co-cultured HA constructs.
(A) Zonal JCHs, (B) JCH/AMSC co-cultures, and (C) AMSCs alone at day 0 (zonal CHs on
TCP, prior to encapsulation), day 7, and day 28. (D) Gross images of cell-laden constructs
at day 56. (E and F) Construct dimensions (diameter and thickness) on day 28 and day 56
(Left column = JMSC:JCH, Right column = AMSC:JCH, Lighter bars = day 28 and Darker
bars = day 56).
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Figure 6-2: Impact of zonal-CH co-culture with MSCs of juvenile and adult origin.
(A) MSCs and CHs were isolated from bone marrow and articular cartilage. Zonal CHs
were isolated from the superficial (S), middle (M), and deep zone (D) of juvenile cartilage.
Isolated cells were expanded and labeled with CellTracker (MSC: green and CH: red).
Juvenile (J) MSCs and Adult (A) MSCs were mixed with zonal CH subpopulations (mixture
ratio = CH:MSC = 1:4) at 60 million cells per mL of 1% HA. Constructs (Ø4 x 2.25mm) were
cultured in CM+. (B) Mixed cell populations in all groups (S-M, M-M and D-M) were well
distributed within the constructs after 56 days of culture (JMSC:JCH (Left) and AMSC:JCH
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(Right)). Quantification of CH and MSC sub-populations over time showed that by 8 weeks,
25~30% of cells were CH and 70~75% were MSCs. (C) Equilibrium modulus (E Y; kPa) of
juvenile MSC/juvenile CH co-cultures (JMSC:JCH, Top) and adult MSC/juvenile CH cocultures (AMSC:JCH, Bottom) where zonal origin is indicated by S, M, or D. Additional
groups included zonal CH alone (S, M, and D, Left-most groups) and MSC alone (MSC,
Right-most group). Constructs formed from JMSCs grew well on their own, while those
formed from AMSCs failed to mature. No synergistic effect of co-culture was observed for
JCH/JMSC groups, whereas AMSCs co-cultured with JCHs exceeded expectations based
on individual cultures (Lighter bars = Day 28, Darker bars = Day 56; N=4/group; p<0.05). (D)
To assess the efficacy of co-culture, actual (EY

Actual;

Y-axis) and expected EY (EY Expected; X-

axis) values for S-M, M-M and D-M co-cultures were plotted. Expected EY was calculated
based on the rule of mixtures, equating to the sum of 20% of E Y
(EY

Expected Mixed

= 0.2* EY

Actual CH

+ 0.8* EY

Actual MSC).

zonal CH

and 80% of EY

MSC

Slopes (; dotted line) in each group

indicate the growth rate between 4 and 8 weeks. JMSC:JCH co-cultures showed mainly
negative or independent effects of co-culture while AMSC:JCH co-cultures showed a
positive effect of co-culture, outperforming expectations (Solid shapes = AMSC:JCH and
Hollow shapes = JMSC:JCH; Circle = S-M, Triangle = M-M and Square = D-M).

These passaged JCHs produced robust ECM in CM+, and construct properties reached
near native levels after 56 days (Figure 6-2C and 3A). JMSCs alone also grew well
(reaching 633 kPa and 6.1 %WW GAG), matching the properties of deep zone CHs.
Construct properties for JMSC/JCH co- culture groups also reflected zonal origins of
JCHs, but their combination (428-655 kPa and 4.3-5.9 %WW GAG) did not enhance
functional properties. Conversely, AMSCs alone failed to mature (5 kPa and 1.2 %WW
GAG) in HA hydrogels.

When co-cultured with JCHs, however, these constructs

achieved markedly higher properties and ECM content (357-488 kPa and 3.7-4.1 %WW
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GAG). Unlike mechanical properties and GAG content, collagen content was
independent of co-culture (Figure 6-4A).

Figure 6-3: Proteoglycan content of zonal CH/MSC co-cultures.
(A) GAG content (% wet weight) for juvenile and adult MSC co-cultures with zonal juvenile
CH. Consistent with the mechanical properties, AMSCs showed greater than expected
GAG deposition when co-cultured with JCHs. (B) GAG content in AMSC:JCH co-cultures
showed a greater than expected result based on GAG deposition in CH and MSC alone
cultures, while little synergism was observed in JMSC:JCH co-cultures. (C) Alcian blue
staining for proteoglycans (PG) on day 56: zonal JCHs alone (Left), co-cultures (Middle;
JMSC:JCH and AMSC:JCH) and juvenile and adult MSCs cultured alone (Right). (Scale bar
= 1 mm).
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Figure 6-4: Collagen content and immunohistochemistry. (A) Collagen content (% WW). (B)
Plot of co-culture efficacy for collagen content. (C-E) Immunohistochemistry for type II
collagen (C), Type I collagen (D), and chondroitin sulfate (E) at day 56 (JCH = Left, Cocultures = Middle, MSC = Right; Scale bar = 1 mm; p<0.05).
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To evaluate efficacy of co-culture, mechanical properties and biochemical content was
plotted on an X-Y plane based on expected versus actual findings (Figure 6-2D, 3B and
4B). JMSC/JCH co-cultures groups (hollow shapes) showed largely independent
contributions from each cell type (with no synergistic effect) in mechanical properties and
biochemical content. That is, data largely fell on the line representing unity, where
expected outcomes were the sum of the individual cell types. Conversely, there was a
marked synergistic effect in AMSC/JCH co-cultures (solid shapes). Middle and deep
zone CHs co-cultured with MSCs produced greater construct properties in both coculture groups. However, collagen content showed independent effects (no synergism,
Figure 6-4B). Histological assessment confirmed these findings, showing that Alcian
Blue staining for proteoglycan (PG) and immunohistochemistry for chondroitin sulfate
(CS) was evident for all groups except for AMSC-laden constructs (Figure 6-3C and
4E). Type II collagen staining was distributed throughout the constructs for all groups,
except for AMSCs cultured alone (Figure 6-4C).

6.3.2 Close proximity is required for the co-culture effect.
AMSCs and JCHs were either well distributed or well separated (by design) throughout
the constructs based on their respective culture configurations (Figure 6-5B). AMSCs in
both the ‘fused’ and ‘barrier’ group aggregated together, resulting in the formation of
several small masses or a single mass with a 70% decrease in diameter (Figure 6-5B
and 6-6).

Conversely, those formed into the ‘mixed’ configuration maintained initial

construct geometry with only mild contraction (-25%) (Figure 6-5C). Mechanical
properties and GAG content for the ‘mixed’ group increased with time, reaching 240 kPa
and 3%WW by day 56, while properties in the ‘fused’ and ‘distanced’ groups (combined
from both MSCs and CHs sublayers) were significantly lower (36 kPa and 1.5% WW for
the ‘fused’ group and 2 kPa and 1.4 %WW for the ‘distanced’ group) (Figure 6-5D and
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E). The equilibrium modulus of the ‘mixed’ group was 6.7 (p<0.001) and 120 times
(p<0.001) higher than the fused and barrier groups, respectively.

Figure 6-5: CH/MSC co-cultures require close cell proximity.
(A) AMSCs (green) and JCHs (red) were labeled using CellTracker and seeded in HA
hydrogels (60 million cells/mL; JCH:AMSC = 1:4) at varying distances by forming
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constructs that were ‘mixed’ (close cell-cell relationship), ‘fused’ (further cell-cell
relationship), or ‘distanced’ (distanced cell-cell relationship). (B) Gross images of the three
different configurations at day 0 and 28. Mixed (Left), Fused (Middle) and Distanced (Right)
configurations and the distribution of individual subpopulations (AMSC=green and
JCH=red). (C) Percent (%) change in construct volume (D), Equilibrium modulus (E Y), (E)
GAG content (%WW) (Darker bars = day 28, Lighter bars = day 56; dashed line = AMSC
alone at day 56; N=3-5/group). (F) Alcian blue staining on day 56 of constructs formed in
the mixed (left), fused (middle), and distanced (right) configurations (scale bar = 1 mm).

Figure 6-6: Gross appearance of ‘mixed’, ‘fused’ and ‘distanced’ co-cultures of juvenile CH
and Adult MSC. Images of mixed (Left), fused (Middle) and distanced (Right) constructs on
day 3, 7, 14 and 21 (Scale bar = 1 mm).

Similarly, GAG content for the mixed group was 2 times higher than the other groups
(p<0.001). The ‘mixed’ group showed robust PG deposition through the construct at day
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56, whereas the ‘fused’ and ‘barrier’ groups showed dense matrix deposition only on the
area where JCHs were located (Figure 6-5F). Interestingly, AMSCs, with no close
contact to JCHs in the ‘fused’ and ‘distanced’ groups, produced little or no matrix,
whereas some AMSCs near the border of JCHs produced some matrix in the ‘fused’
group. These findings support the notion that CH and MSC must be in close proximity
for the co-culture effect to operate.

6.3.3 AMSCs in co-culture internalize intracellular factors released from JCHs, altering
their transcriptional profile
To investigate molecular pathways involved in the co-culture effect, we evaluated the
molecular profiles of AMSCs that were co-cultured (CO) with JCHs, and compared them
to AMSCs that were cultured alone (AMSC). AMSCs that were cultured alone
(AMSC_green) mostly retained their initial (green) CellTracker label, regardless of TGF
supplementation (90% retention) (Figure 6-7B). JCHs cultured alone (red) showed
varying signal intensities, with 55% being bright red, 12.6% being dim red, and 15% that
were negative (data not shown). For the AMSC/JCH co-culture group, some AMSCs
were retained their original green (CO_green) label in the absence or presence of TGF
(50% retention), while other AMSCs became double positive (CO_DP, a 40~50% shift in
the population). To further investigate this phenomenon, we closely examined these
cells in constructs at early time points in culture to determine when and how they began
to manifest this double positive characteristics. Mixed cell-laden constructs (AMSC/JCH)
were first observed after 15 hours in co-culture, and no exchange of intracellular
contents was observed (Figure 6-7B and 8).
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Figure 6-7: Molecular profiling of co-culture pathways in adult MSCs.
(A) AMSC (green) alone or AMSC/JCH (green/red) co-cultured populations were seeded in
HA hydrogels at 20 million cells (JCH:AMSC = 1:4) and cultured in the presence (CM+) or
absence (CM-) of TGF. After 10 days, cells were re-isolated by hyaluronidase digestion and
sorted based on their CellTracker dyes using FACS. Sorted MSCs (green or double
positive (DP)) were used for RNA isolation, followed by microarray and pathway analyses.
(B) FACS results (left) showed double-positive expression in co-culture groups, regardless
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of TGF inclusion. Some MSCs in co-culture groups became double positive (DP; ~50%
MSCs) after 10 days (Top right). 3D reconstructions from confocal microscopy showed the
appearance of red speckles in otherwise green cells (Bottom right). (C) Principle
component analysis (PCA) showed no differences between MSCs alone and MSCs that
were in co-culture in the absence of TGF. In the presence of TGF, the MSC alone group
shifted away from undifferentiated MSCs. MSCs that were co-cultured with CHs for 10
days showed an even further shifted from MSCs alone with TGF. Moreover, MSCs that
from co-cultures that were double positive (DP) were distinct from those that were only
green. (D) List detailing the 30 genes showing the greatest fold change with co-culture
(positive on left and negative on right). AMSCs (DP and G only) co-cultured with JCHs
were compared to AMSC cultured alone (Darker bars = CO+: DP vs. MSC+: G; Lighter bars
= CO+: G vs. MSC+ G)

Figure 6-8: Transfer of intracellular contents in JCH /AMSC co-cultures.
Confocal images of CH (red) and MSCs (green) in HA hydrogels on days 3 and 7, showing
increasing number of double positive cells (DP, arrow heads) (Scale bar = 10 μm)

By day 3 in co-culture, however, we noted cells that showed both green and red (double
positive), in addition to the majority green only and red only cells. When these cells were
reconstructed in 3D, there was the clear area of overlap, where red speckles appeared
within in green cells, suggesting transfer from the CH population to the MSC population.
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By day 7, more red speckles were observed in otherwise green cells, and some red cells
had dimmed, losing the majority of their red dye.

Molecular profiling and principal component analysis (PCA) showed that there was no
effect of co-culture in the absence of TGF (CO- vs. AMSC-) (Figure 6-7C). Conversely,
in the presence of TGF, the expression cluster for AMSCs markedly shifted (AMSC+ vs.
AMSC-). AMSCs taken from the co-culture group that had retained their green signal
(CO+ G) had further shifted in expression compared to AMSCs alone (AMSC+), and
AMSCs that were double positive (CO+ DP) also differed from those remained green
(CO+ G). To further define these differences, we evaluated the fold change in CO+ vs.
CM+ (e.g., [CO+ DP vs. MSC+ G] or [CO+ G vs. MSC+G]) and outline the 30 genes with
the greatest fold changes (Table 6-1). Interestingly, this list was quite distinct based on
whether the AMSC was green or double positive. Further, when comparing DP and G
directly, the list of genes from AMSCs was highly related to cartilage development and
matrix formation (e.g., HAPLN1, MIA, COL2A1, CHAD, IGFBP5 and ACAN),
proliferation/mitosis, anti-apoptosis, anti-inflammation, and suppression of osteogenesis
and adipogenesis (Table 6-2~6-4). In comparison to green only AMSCs, those that were
double positive group had expression changes of 5 to 44 fold (Figure 6-7D).
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Table 6-1: Positive and negative fold changes in AMSCs that became double positive (DP)
or remained green (G) over 10 days of culture, with and without TGF-beta, compared to
AMSCs that were cultured on their own (MSC+ G)
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Table 6-2: Impact of JCH-derived molecular factors to alter genomic profiles of AMSCs
within the same constructs and their gene-matched fold changes
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Table 6-3: Details of genes that showed positive fold changes in AMSCs with co-culture
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Table 6-4: Details of genes that showed negative fold changes in AMSCs with co-culture
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6.3.4 Intercellular communication in AMSC/JCH co-cultures is mediated by extracellular
vesicles.
From the earlier study, we noted that AMSCs became double positive with culture
duration, while JCHs tended to remain red and show attenuated signal intensity (Figure
6-7B and 8).

Figure 6-9: Calibration of inhibitors of clathrin mediated vesicle formation in JCH-seeded
constructs. (A) To assess effect of Pitstop2 in exocytotic release of extracellular proteins,
JCH-laden constructs were cultured in CM+ in the presence of Pitstop2 (0, 10, 25 and
50μM) for the first 21 days (D0-21) followed by 21 days of culture (D22-42) in the absence
of Pitstop2. Analysis of mechanical properties (B, E Y (kPa)), matrix content (C, GAG %WW)
and viability (D, Calcein-AM labeling on day 42) indicated that a dose of 25μM would not
inhibit normal chondrocyte matrix accumulation or viability (Scale bar = 1 mm, n=34/group; p<0.05).
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Recent studies suggest that one of mechanism for intercellular communication is
through the formation and transfer of extracellular vesicles (EVs). To determine whether
the improvement in AMSC chondrogenesis resulted from trafficking of molecular factors
through EVs, we blocked endocytic pathways through which EVs are internalized using
Pitstop2, a blocker of clathrin-mediated endocytosis. To define an effective dose,
juvenile CH only constructs were treated with varying doses of this inhibitor. Cells from
all groups were viable and produced comparable ECM, though some attenuation in
cellularity and construct properties was noted with the highest dose (50μM) employed
(Figure 6-9B-D).

Based on this, a moderate dose (25μM) was used. With this dose, the equilibrium
modulus of JCH only and AMSC only constructs did not change markedly (JCHs: 389
kPa and 4.3% WW GAG without vs. 309 kPa and 3.5% WW GAG with; AMSCs: 34 kPa
and 0.4 %WW GAG without vs. 0 kPa and 0.35 %WW GAG with, Figure 6-10B and 11).
Introduction of Pitstop2 at this dose into the co-culture group had an interesting effect,
however.

That is, construct properties (43 kPa and 1.9 %WW GAG) markedly

decreased while those in co-culture without Pitstop2 inhibition reached 195 kPa (4.5
times greater) and 2.4 %WW GAG. Additionally, when imaged early in culture, the
number of green AMSCs that had taken on red speckles was notably reduced with
Pitstop2 (Figure 6-10C and D), with the number of DP AMSCs decreasing by 2.3 fold.
Taken together, these data indicate that clathrin mediated endocytosis is essential for
the positive co-culture effect to occur.
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Figure 6-10: Extracellular vesicles (EVs) mediate intercellular communication in CH/MSC
co-cultures. (A) AMSC alone (green), JCH alone (red) alone, or mixed co-cultured
populations (CH:MSC = 1:4) were seeded in HA hydrogels at 60 million cells/mL and
cultured in CM+ with/without Pitstop2 (25μM). Inhibition of vesicular transport with
Pitstop2 decreased the mechanical properties of co-cultured constructs (B, EY (kPa)) and
reduced transfer of cell contents as shown visually (C) and with quantification (D) of
green, red, and double positive cells (Scale bar = 20μm; N=3-4; p<0.05).
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Figure 6-11: Biochemical content of constructs cultured with Pitstop 2
(A) GAG (% WW), (B) Collagen (% WW), (C) Alcian blue staining at day 42. (Scale bar = 100
μm, N=3-4/group; p<0.05)

6.4 Discussion
In this study, we determined the extent to which different zonal articular CHs co-cultured
with MSCs in 3D HA hydrogels promoted MSC chondrogenesis. We also explored the
impact of MSC age on this co-culture phenomenon. Cells remained viable throughout
the culture period, with JCHs more prevalent on day 56 than on day 0. Zonal CH
populations retained their native production levels, where superficial zone CH-laden
constructs produced the lowest properties while middle and deep zone CH-laden
constructs had the highest properties. This suggests that CHs retain their zonal
characteristics, even after extensive culture expansion and seeding in this HA hydrogel
system in the presence of TGF. We also found that JMSCs in HA culture grew well on
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their own, with mechanical properties and GAG content equivalent to those of MZ or DZ
CH-laden constructs. Given this already robust growth, no significant increases were
observed in JMSC/JCH co-cultures, with measured (actual) properties mostly matching
expected properties based on a simple mixture analysis. This result showed that coculturing with JCHs did not improve JMSC chondrogenesis, indicating that young/healthy
MSCs do not require additional chondrogenic induction via co-culture.

Unlike JMSCs, AMSCs failed to mature, even in the presence of TGF, and aggregated
together in the HA hydrogel. When placed in co-culture, however, a synergistic
enhancement of construct properties was observed for these AMSC/JCH co-cultures.
These results are consistent with those using human MSCs from older patients (Fischer,
Dickhut et al. 2010, Aung, Gupta et al. 2011, Bian, Zhai et al. 2011), where
chondrogenic capacity of old/infirm MSCs was lower than young/healthy MSCs. These
adult MSCs thus appear to be more sensitive to molecular factors secreted from juvenile
CHs in the co-culture system. Histological analysis confirmed this co-culture effect, with
all groups showing dense PG staining through the construct expanse, except for AMSCs
cultured alone. Likewise, type II collagen staining for JCHs only, JMSC only and
JCH:JMSC co-culture groups was dense through the constructs, except for JCH:AMSC
groups, where dense matrix was produced in the peripheral region while little matrix was
produced in the core. Type I collagen staining for all groups were generally weak, but the
JCH:AMSC groups showed some type I collagen staining, mostly in the core. This might
be due to the limited nutrient transport resulting from a contraction at early times in
culture. Taken together, these findings show that a small population of juvenile
chondrocytes cultured with adult MSCs can rescue the chondrogenic capacity of that
adult stem cell population.
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To better understand the operative conditions of co-culture, we next queried how the
distance between the two cell populations, which may be critical for this intercellular
communication, mediated the co-culture effect. We established three different culture
designs: cells seeded in the HA hydrogel that were evenly distributed and close to one
another (the ‘mixed’ group), cells separated into different regions of the construct that
were adjacent to one another (the ‘fused’ group), or cells in different regions that were
separated by and acellular ‘spacer’ (the ‘distanced’ group). Constructs with mixed cell
populations maintained their initial geometry with only minor contraction, whereas MSC
layers in the fused and distanced group aggregated immediately, with layers that
gradually separated from one another.

This suggests that the molecular factors

operative in co-culture cannot traverse a great distance. When comparing outcomes, we
found that the equilibrium modulus of the mixed group was 6.7 or 120 times greater than
the fused or distanced groups, respectively. Histological assessment supported this
data, showing that AMSCs mixed with JCHs produced dense matrix with homogeneous
distribution, whereas in the fused or distanced groups produced little matrix. These
results support the prevailing idea that proximity is essential for intercellular
communication in co-culture systems (Lai, Kajiyama et al. 2013, de Windt, Saris et al.
2015), but did not address the mechanism or identity of the trafficked factors.

To determine the molecular factors and pathways potentially mediating the co-culture
effect, we further carried out genome-wide analyses of fluorescently labeled AMSC
populations. While AMSC alone retained their fluorescent staining (color) regardless of
TGF, 50% of AMSCs in the co-culture group shifted to a double positive phenotype
(CO_DP; expressing green and red in one single cell), while the remainder were green
only (CO_G). Confocal microscopy confirmed that red speckles appeared in green cells,
but not vice versa, suggesting directional transport of intracellular content from red
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chondrocytes to green AMSCs. Microarray analysis showed a strong shift in expression
patterns of AMSCs in the presence of TGF (chondrogenically induced AMSCs)
compared to those without TGF. Furthermore, in the presence of TGF, AMSCs mixed
with JCHs (CO+) were further shifted in their expression from chondrogenically induced
AMSCs alone (TGF+). Interestingly, those AMSCs that remained green only (CO+ G)
were different from those that had become double positive (CO+ DP).

Analysis of expression profiles from AMSCs that became double positive (AMSCs:
CO_DP) or remained green only (AMSCs: CO_G) compared to AMSCs (AMSC: G only)
that were never co-cultured with JCHs identified a number of genes highly related to
cartilage development and matrix formation. For instance, this data showed that
expression of MIA in DP AMSCs or green only AMSCs was 22 or 6 fold higher than in
AMSCs alone cultured in the presence of TGF. MIA (melanoma inhibitory activity), also
referred to cartilage derived retinoic acid-sensitive protein (CD-RAP), is a small,
secreted protein found in cartilage and in malignant melanomas (Bosserhoff, Kondo et
al. 1997, Bosserhoff and Buettner 2003). MIA/CD-RAP is an important regulator of
chondrogenesis, and activates p54nrb transcription mediated by transcription factor
YBX1 (Schmid, Meyer et al. 2013). Of note, although MIA/CD-RAP cannot promote
chondrogenic differentiation of human MSCs on its own, when it is combined with it can
drive chondrogenic differentiation and block osteogenic differentiation (Schubert,
Schlegel et al. 2010). We also noted that expression of PPARG (peroxisome proliferatoractivated receptor gamma), an adipogenic marker that promotes the progression
posttraumatic osteoarthritis (PTOA), was expressed at a level 22 fold lower in double
positive AMSCs compared to AMSCs alone. Moreover, increased expression of GPR39
(G protein-coupled receptor 39) and RGS2 (regulator of G-protein signaling 2) in the
double positive group may have also contributed to AMSC chondrogenesis by blocking
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hedgehog signaling that causes heterotopic ossification (Regard, Malhotra et al. 2013,
Bassilana, Carlson et al. 2014) or suppressing hypertrophic differentiation (James,
Appleton et al. 2005). Other important molecular factors include microRNAs (miRNAs)
(Chen, Liang et al. 2012), which have been implicated in intercellular communication.
These small non-coding RNAs are secreted via extracellular vesicles (EVs). Recent
studies have shown that EVs specifically target recipient cells to deliver protein, mRNAs
and lipids and also initiate downstream signaling pathways (Valadi, Ekstrom et al. 2007,
Kosaka, Iguchi et al. 2010). Several studies have demonstrated that MIR29A is upregulated in normal cartilage and inhibits osteonectin expression (Goldring and Marcu
2012). We found that expression of MIR29A in double positive AMSCs and green only
AMSCs in co-culture was 8 fold higher than AMSC cultured alone in TGF. While the
mechanism was not tested in this study, the pathways identified may suggest that, in the
context of TGF, JCHs deliver important molecular factors to AMSCs through
extracellular vesicles (EVs) to transform their molecular profiles and promote
chondrogenesis, proliferation/mitosis, anti-apoptosis, anti-inflammation, and phenotypic
stability. Additional pathway analysis and validation of the gene sets that were
differentially regulated with co-culture is now underway.

The above findings strongly suggest that EVs are secreted from JCHs and are
internalized by the AMSCs to change their phenotype. To validate this hypothesis, we
blocked key intercellular communication mechanisms and determined whether such
blockade would influence the CH-MSC co-culture phenomenon. Results from these
studies showed that the modulus of co-cultured constructs decreased substantially with
inhibition of clathrin coated vesicles by Pitstop 2. Further, confocal microscopy showed
a reduction in the number of AMSCs that had become double positive. Although GAG
content reached similar levels with inhibition of clathrin, expression of link protein
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(HAPLN1) was changed by 22 fold, suggesting that this might explain the observed
differences in mechanical properties. Recent studies have shown that cell surface
receptors (e.g., TGF-β receptors, G-protein-coupled receptors) are internalized via
clathrin-coated

vesicles

that

promote

TGF-β-mediated

Smad

activation

and

transcriptional responses although receptor-mediated endocytosis is not imperative for
TGF- β (Di Guglielmo, Le Roy et al. 2003, Chen 2009). This may explain underlying
mechanisms of co-culture, at least in part.

Taken together, this work demonstrated that passaged JCHs retain their chondrogenic
capacity with zonal characteristics in the presence of TGF, and that rejuvenation of
MSCs co-culture with chondrocytes is age-dependent. Additionally, we show that the coculture phenomenon is only operable when cells are close to one another. Studies
blocking mechanisms of intercellular communication suggest that EV-coated molecular
factors from JCHs are shuttled to AMSCs using clathrin-mediated endocytosis, and that
the contents of these EVs activate anabolic signaling pathways while suppressing
catabolic activity in recipient cells (Figure 6-12). This in turn enabled the aged/infirm
MSCs to operate as though they were young/healthy functional chondrocyte-like cells.
Identifying the molecular factors and vesicular pathways that underlie co-culture might
lead to new biologics or other therapeutics to improve functional tissue engineering
using adult autologous MSCs, and may ultimately obviate the need for such complicated
co-culture systems, increasing the likelihood for clinical translation.
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Figure 6-12: Schematic showing how transfer of molecular factors via EVs mediates the
CH/MSC co-culture phenomenon. Extracellular vesicles (EVs) secreted from releasing
cells (Juvenile CH) travel through the extracellular space to receiving cells (Adult MSC)
and enter via clathrin-mediated endocytosis. The contents of these internalized vesicles
enable AMSCs to take on an improved chondrogenic capacity, enhancing the function of
engineered tissues compared to those formed from MSCs alone.
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CHAPTER 7: Enhanced Nutrient Transport Improves the Depth-dependent
Properties of Tri-layered Engineered Cartilage Constructs with Zonal Co-culture of
Chondrocytes and MSCs

7.1 Introduction
Articular cartilage provides a nearly frictionless load-bearing surface in diarthrodial joints.
This functionality is attributed to extracellular matrix (ECM) molecules (e.g., collagens,
proteoglycans (PG), lubricin (Rhee, Marcelino et al. 2005) and elastin (Mansfield, Yu et
al. 2009, He, Wu et al. 2013)) that are secreted by chondrocytes (CH) residing within the
tissue. These cells have a distinct size, morphology, orientation, and matrix forming
capacity, based on their zone of origin (e.g., superficial (SZ), middle (MZ), and deep
zone (DZ)) (Mow, Wang et al. 1999, Poole, Kojima et al. 2001). The tissue itself also
shows marked differences in composition and mechanics as a function of depth, where it
is proteoglycan-rich and proteoglycan-rich and stiffest in compression in the deep zone,
and collagen-rich and weakest in compression (and strongest in tension) in the
superficial zone. Given the complexity of native tissue, recapitulating the morphological
and functional properties of articular cartilage has a challenge in cartilage tissue
engineering (Buckwalter and Mankin 1998, Poole, Kojima et al. 2001). Indeed, most
early studies in the field focused on optimizing bulk properties of cell-laden constructs
using a mixed pool of cells, ignoring zonal features. While these constructs achieved
overall construct properties approaching native levels, they did not match native tissue
depth-dependence. More recently, several groups have taken advantage of persistence
of zonal characteristics of CHs isolated from different regions of the tissue. These
studies have shown that CHs from different depths retain their zonal characteristics
through expansion and in 3D culture systems. For example, CHs isolated from deep
zone cartilage produced more PG than those from the superficial zone (Kim, Sharma et
111

al. 2003, Klein, Schumacher et al. 2003, Cheng, Conte et al. 2007, Klein, Malda et al.
2009, Ng, Ateshian et al. 2009). Interestingly, when these zonal CHs were separately
seeded into layered hydrogel constructs, zonal CHs established engineered constructs
with some degree of depth dependence (Kim, Sharma et al. 2003, Cheng, Conte et al.
2007, Sharma, Williams et al. 2007, Ng, Ateshian et al. 2009).
While CHs have been broadly used as a primary cell source in cartilage tissue
engineering, their scarcity is a major clinical limitation. For that reason, mesenchymal
stem cells (MSCs) have been introduced as an alternative cell source for cartilage
therapeutics. Unlike CHs, MSCs can be isolated from autologous sources and readily
expanded while maintaining differentiation potential. When cultured in the presence of
defined factors (i.e., transforming growth factor beta 3; TGF-β3) (Yoo, Barthel et al.
1998, Pittenger, Mackay et al. 1999), these cells can undergo chondrogenesis and
produce cartilage-like ECM (Kim, Burdick et al. 2012). It has also been shown that, when
MSCs are cultured in 3D with CHs in a ‘co-culture’ scenario, the two cell types interact
and improve matrix formation (Nazempour and Van Wie 2016). This suggests that by
adapting a layer-by-layer fabrication scheme, and utilizing MSCs co-cultured with zonal
CHs, one might recapitulate the zonal organization and depth-dependent properties of
native tissue while decreasing the number of CHs required for tissue formation.

While the choice of cell type and 3D fabrication methods has expanded, a persistent
challenge across cartilage tissue engineering is the effective transport of nutrients into
(and metabolic waste out of) constructs. This is particularly true for larger constructs,
where the core regions show limitations in matrix formation (O'Connell, Lima et al. 2012,
Cigan, Durney et al. 2016, Cigan, Nims et al. 2016). Several studies have reported that
more and stiffer matrix is produced in the peripheral regions of constructs while less and
softer matrix is produced in the innermost core regions (Bian, Angione et al. 2009, Nims,
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Cigan et al. 2015, Cigan, Durney et al. 2016). In engineered cartilage established by
MSCs, whose metabolic state is more tenuous than CHs, this nutrient deprivation often
results in cell death in the central core with extended culture durations. This suggests
that insufficient soluble transport compromises cell function in engineered constructs,
ultimately resulting in inhomogeneous matrix accumulation (Bian, Angione et al. 2009,
O'Connell, Lima et al. 2012). This issue is critical when considering scale up to repair
thicker cartilage regions (e.g., the femoral condyle) (Cigan, Nims et al. 2014, Nims,
Cigan et al. 2015) or larger defect areas (e.g., partial or total joint resurfacing) (Rowland,
Colucci et al. 2016, Saxena, Kim et al. 2016).

To improve nutrient transport and functional properties, a number of possible strategies
have been explored. For example, some have used dynamic loading-induced convective
transport to encourage fluid movement (Kelly, Ng et al. 2006, Vaughan, Galie et al.
2013). Others have employed encapsulated microbubbles to create additional paths for
diffusion (Lima, Durney et al. 2012) or have simply reduced construct thickness to
shorten the nutrient path length (Bian, Angione et al. 2009). Perhaps most prominently,
several studies have introduced macro-scaled (0.5mm or more) channels into tissue
engineered constructs in order to introduce new paths for nutrient transport (Buckley,
Thorpe et al. 2009, Cigan, Nims et al. 2014, Nims, Cigan et al. 2015). Interestingly,
Cigan and co-workers recently demonstrated that the one time creation of these macro
channel(s) did not improve matrix accumulation in the core, and reported that this was
due to the eventual blockade of the channel by newly formed tissue after a short period
of culture (Bian, Angione et al. 2009, Cigan, Nims et al. 2014, Nims, Cigan et al. 2015).
A follow up study from that same group reported that reopening the closed macrochannels midway through culture (by ‘re-punching’ the channels) refreshed nutrient
transport and improved functional properties over the long term (Cigan, Durney et al.
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2016). Collectively, these data indicate that prolonged provision of ready nutrient access
to the center of large constructs will be essential for functional tissue formation in large
constructs.

Based on the above challenges and limitations, our first objective in this study was to
fabricate a tri-layered construct that recapitulates the cellular organization and depthdependent functional properties of native articular cartilage, using the layered co-culture
of zonal CHs and MSCs. Our second objective, acknowledging the nutrient limitations
likely experienced by these larger constructs, was to enhance nutrient/waste transport to
improve viability and matrix deposition by cells within the central core region. For this,
we introduced a porous hollow fiber (HF) (Tharakan and Chau 1987) as a conduit to
enable persistent diffusion of soluble factors into the central core (Potter, Butler et al.
1998, Chen, Fishbein et al. 2003, Kim, Bi et al. 2005). To avoid blockade of these
channels, we also inserted cotton threads through the inner core of the HF to
continuously wick media to the center of construct while maintaining an open channel for
nutrient exchange. Our findings demonstrate the production of a tri-layered cell-based
construct with depth-dependent morphology and functional properties, furthering our
goal of generating biomimetic engineered cartilage to improve cartilage repair and longterm stability post-implantation.

7.2 Materials and Methods
7.2.1 Preparation of zonal chondrocytes (CHs) and mesenchymal stem cells (MSCs)
Chondrocytes and MSCs were isolated from juvenile bovine stifle joints (3 months old,
Research 87, Bolyston, MA). Full-thickness cartilage plugs were excised from the
femoral condyle and divided into three different layers (Figure 7-1A). The top-most
100μm thick layer at the articular surface was carefully divided and taken as the
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superficial zone. The block from the bony surface to just above the tidemark was
removed and discarded. The resulting “top” half was considered as middle zone and the
“bottom” half as deep zone cartilage. Zonal chondrocytes (CHs) were isolated by
collagenase digestion from these separated zonal cartilage tissues, and MSCs were
isolated from bone marrow as in our previous studies (Mauck, Wang et al. 2003, Huang,
Yeger-McKeever et al. 2008). These isolated zonal CHs and MSCs were separately
maintained and expanded in basal media consisting of high glucose Dulbecco’s Modified
Eagle Medium (DMEM; ThermoFisher, Grand Island, NY) supplemented with 10% fetal
bovine

serum

(FBS;

ThermoFisher,

Grand

Island,

NY)

and

1%

penicillin/streptomycin/fungizone (PSF; ThermoFisher, Grand Island, NY). At passage 3,
zonal CHs and MSCs were trypsinized and washed with phosphate buffered saline
(PBS) (ThermoFisher, Grand Island, NY). To trace the distribution of each cell
subpopulation, cells were labeled with CellTracker (Molecular Probes, Eugene, OR) prior
to encapsulation (SZ = red, MZ = purple, DZ = green, MSC = blue). Later, cell viability
was examined with Calcein-AM using the LIVE/DEAD Assay Kit (Molecular Probes,
Eugene, OR) after 8 weeks of culture.

7.2.2 MeHA synthesis and cell encapsulation
Details on the synthesis of photocrosslinkabe hyaluronic acid (HA) macromer have
previously described as in Burdick et al. (Burdick, Chung et al. 2005). Briefly, 1 % w/v
sodium hyaluronate (65 kDa HA; Lifecore Biomedical, Chaska, MN) was reacted with
methacrylic anhydride (Sigma, St. Louis, MO) on ice at pH 8.0 for 24 hours followed by
dialysis to remove unreacted byproducts for 5 days. Following dialysis, the
methacrylated HA (MeHA) solution was lyophilized and stored at −20◦C. The lyophilized
MeHA was dissolved at 1% w/v in PBS with 0.05% w/vol photoinitiator (Irgacure I2959,
CibaGeigy, Tarrytown, NY). The CellTracker-labeled zonal CHs and MSCs were
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encapsulated in 1% MeHA at a concentration of 60 million cells/mL and exposed to UV
using a 365 nm BlakRay UV lamp (#UVL56, San Gabriel, CA). The range of the UV was
320–400 nm with a transmission maximum of 70% at 365 nm.

Figure 7-1: A Schematic of a tri-layered construct fabrication with zonal CH/MSC coculture. (A) Zonal chondrocytes (SZ, MZ and DZ; Left) and MSCs (Right) were isolated from
articular cartilage and bone marrow, respectively. Isolated cells were expanded in culture
separately and labeled with CellTracker (SZ: Red, MZ: Purple, DZ: Green and MSC: Blue) to
trace the distribution of cell subpopulations during long-term culture. (B) Fabrication
procedure for single- and tri-layered constructs.
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7.2.3 Fabrication of a tri-layered construct with zonal co-culture of CHs and MSCs
Previous studies have shown that freshly isolated zonal chondrocytes (CHs) retained
their zonal characteristics in 3D cultures (Cheng, Conte et al. 2007, Ng, Ateshian et al.
2009). Our recent study showed passaged zonal CHs also restored their zonal
characteristics when co-cultured with MSCs in HA hydrogels in the presence of TGF-β3
(Kim, Burdick et al. 2012). Based on these findings, we fabricated a tri-layered construct
(Kim, Sharma et al. 2003) by partially polymerizing a zonal CH and MSC mixture in HA
hydrogel (SZ-MSC, MZ-MSC and DZ-MSC, respectively) (Figure 7-1B). MSC alone or
co-cultured cell populations were encapsulated in 1% w/v MeHA at 60 x 106 cell/mL at a
ratio of 1: 4 (CH: MSC) for co-cultured group. Tri-layered constructs were created by
exposing the first layer (20 µL; SZ-MSC mixture = 1:4) of MeHA solution to UV light for 2
minutes, followed by polymerization of the second layer (20 µL; MZ-MSC) for 2 minutes,
and finally adding the third layer (20 µL; DZ-MSC) with completion of polymerization for
another 6 minutes. Polymerization took place within a 1 mL syringe (Ø4.8 mm x 3.5
mm). All other groups (MSC alone, SZ-MSC, MZ-MSC and DZ-MSC; 60 µL/construct)
were polymerized under continuous UV light for 10 minutes. Constructs were then
transferred directly to a 12 well plate and cultured in chemically defined media (CM) (2
mL/construct) containing high glucose DMEM supplemented with 1% PSF, 0.1 μM
dexamethasone, 50 μg/mL ascorbate 2-phosphate, 40 μg/mL L-proline, 100 μg/mL
sodium pyruvate, 6.25 μg/mL insulin, 6.25 μg/mL transferrin, 6.25 ng/mL selenious acid,
1.25 mg/mL bovine serum albumin (BSA), and 5.35 μg/mL linoleic acid (Mackay, Beck et
al. 1998, Yoo, Barthel et al. 1998) with TGF-β3 (CM+; 10 ng/mL, R&D Systems,
Minneapolis, MN). Constructs were turned regularly to improve growth through the depth
and media was replaced thrice weekly for the duration of study.
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7.2.4 Enhanced nutrient transport by a porous hollow fiber (HF)
Constructs were cultured under static condition (Fig 7-2A) or regularly flipped (Fig 7-2B)
during the culture period to maximize nutrient transport. However, even with flipping,
early studies resulted in little matrix accumulation in the core region of the construct
compared to peripheral region.

Figure 7-2: Schematics showing accessible surface area for nutrient/waste transport in
gel-based constructs and novel strategies to enhance transport. (A-C) Nutrient transport
paths under free swelling conditions; (A) Static culture, (B) Static culture where constructs
are regularly flipped over (Flip over), (C) Static culture where transport is improved by
ntroduction of hollow fiber (HF) channels. (D-F) HF (and HF w/cotton threads)-mediated
strategies to improve nutrient transport; (D) No channel, (E) Hollow fiber (HF), (F) HF w/
cotton threads. Schematics of paths available for nutrient/waste transport by HF or HF/
cotton threads. (pink (solid) arrow = nutrient “in”, blue (dashed) arrow = waste “out”).
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To address this limitation, we introduced a porous hollow fiber (HF) (FiberCell Systems
Inc., Frederick, MD) through the core along the axial direction of construct after 3 days of
culture (Fig 7-2C). The HF (polysulfone, OD = 1.3 mm, ID = 0.7mm, wall thickness =
300μm, pore size = 0.1μm) was activated by soaking in 70% ethanol for 24 hours to
open the pores for nutrient and waste transport. The HF serves as a conduit, and was
maintained in a hydrated state to keep the pores open after activation. Next, the HF was
washed with sterile distilled water and was pre-cultured in CM+ at 37ºC/5% CO2 for 24
hours. To ensure media delivery and to prevent clogging the channel with air bubbles,
fresh media were injected through the inner core of the HF at each media change (Fig 72E). In addition, cotton threads pulled from a sterile gauze pad were inserted through the
inner annulus of the HF to help wick media and to maintain an open channel pathway
absent of tissue or air bubble obstruction (Fig 7-2F).

7.2.5 Analysis of bulk mechanical properties
To determine bulk mechanical properties, constructs were tested in unconfined
compression using a custom-built device (Mauck, Yuan et al. 2006). Constructs were
equilibrated under a static load of 2 grams for 5 minutes. Following this creep test,
samples were subjected to 10% strain at 0.05%/s, calculated from the post creep
thickness of the construct. This deformation phase was followed by a relaxation for
1000 seconds to allow the load to reach equilibrium. After stress-relaxation, dynamic
testing was carried out by applying a superimposed 1% sinusoidal deformation at 1.0
Hz. Equilibrium and dynamic moduli were calculated from the stress–strain response
during the test and the sample geometry. For the tri-layered constructs with HF and
HF/threads, the surface area of HF was subtracted from total surface area in these
calculations.
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7.2.6 Analysis of local mechanical properties
Local mechanical properties (Schinagl, Gurskis et al. 1997) were measured using a
custom-built compression device (Farrell, Comeau et al. 2012) coupled with an inverted
microscope (Nikon Eclipse TE 2000-U, Nikon, Melville, NY). Subsequent to bulk
compression testing, cylindrical constructs were cut in a half, and cell nuclei were
stained with Hoechst 33342 (10 µL/mL; Molecular Probes, Eugene, OR) for 10 min.
Stained constructs were placed in a PBS-filled chamber in the device, and the crosssection of the construct was oriented facing down (towards the microscope objective).
Details to measure local properties were previously described as in (Schinagl, Gurskis et
al. 1997, Farrell, Comeau et al. 2012). Briefly, the construct was uniaxially compressed
while tracking displacement of nuclei on 2X magnification images captured at equilibrium
(after 7 min relaxation) for compressive steps of 4% ranging from 0% to 20% strain. The
load was recorded at each step once the construct had reached equilibrium. Stained
nuclei served as fiducial markers to generate ‘speckle’ that was than tracked in the
image series via digital image correlation using Vic-2D (Correlated Solutions, Columbia,
SC). From these displacement fields, the local Lagrangian strain (Exx) was calculated,
where x is the axial direction of the hemi-cylindrical construct (depth from the S-M to D-Z
region). Local strains were exported to MATLAB (The Math Works Inc., Natick, MA) and
the average values were computed according to depth (defined as region 1 through 10
from the top to bottom of the construct). Local modulus was calculated using these
resultant strain values and equilibrium boundary stresses. The reported local modulus
was limited to the inner 70% (region 2 to region 8) of the construct thickness due to edge
effects of the testing modality. To validate findings of depth dependency, we first tested
bi-layered constructs with turned depth dependent material properties formed from 1%
and 5% MeHA (2:1 ratio = 40 µL: 20 µL ratio, 20 million cells/mL in each sub-layer).
These constructs were tested and analyzed as described above (Fig 7-6A and B).
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7.2.7 Biochemical analysis
Subsequent to local mechanical testing, the construct wet weight (WW) was measured,
followed by papain digestion (1 mL/construct, 0.56 U/mL in 0.1M sodium acetate, 10M
cysteine hydrochloric acid, 0.05 M ethylenediaminetetraacetic acid, pH 6.0) at 60°C for
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h.

Glycosaminoglycan

(GAG)

content

was

determined

using

the

1,

9

dimethylmethylene blue (DMMB) dye binding assay (Farndale, Buttle et al. 1986) and
collagen content using the orthohydroxyproline (OHP) assay, with a 1 : 7.14 (OHP :
collagen) ratio, as previously described (Neuman and Logan 1950).

7.2.8 Histological analysis
Constructs were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin.
Sections (8 μm thick) were deparaffinized in a graded series of ethanol and stained with
Alcian Blue (pH 1.0) for proteoglycans (PG) with nuclear fast red counterstain.
Immunohistochemistry was carried out to visualize type II collagen and chondroitin
sulfate (CS). Samples underwent antigen retrieval using hyaluranidase (HASE) from
type IV bovine testes (Sigma-Aldrich, St. Louis, MO) for 1 hour and followed by
Protease-K (DAKO, Glostrup, Denmark) digestion for 4 minutes at room temperature.
Endogenous peroxidase activity was quenched by pretreating sections with 3%
hydrogen peroxide. To block nonspecific staining, sections were incubated with 10%
normal goat serum (Sigma-Aldrich, St. Louis, MO). Primary antibodies for type II
collagen (II-II6B3; Developmental Studies Hybridoma Bank, Iowa City, IA), and
chondroitin sulfate (C8035, Sigma-Aldrich, St. Louis, MO) were applied; antibody diluent
solution (DAKO, Glostrup, Denmark) was used to dilute primary antibodies. After
incubation with primary antibodies for overnight at 4ºC, sections were washed and
treated with bioinylated goat anti-rabbit IgG secondary antibodies, followed by
streptavidin horseradish peroxidase (HRP). Sections were reacted with DAB chromogen
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reagent for 10 ~20 min (Millipore, Billerica, MA) and imaged on a polarizing light
microscope (Leica DMLP, Leica Microsystems, Germany) equipped with a color
charged-coupled device (CCD) digital camera.

7.2.9 Statistical analysis
Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT software
Inc., San Jose, CA). Significance was determined by two-way ANOVA with Tukey’s post
hoc test (p < 0.05).

Table 7-1: Mechanical and biochemical properties of cell-laden HA constructs with longterm culture.

7.3 Results
7.3.1 Fabrication of tri-layered constructs with zonal CHs/MSCs co-cultured sublayers
Mechanical and biochemical properties of co-cultured (SZ-MSC, MZ-MSC and DZ-MSC)
constructs depended on the zonal origin of chondrocytes: the least matrix production
and lowest mechanics was seen in constructs from the SZ-MSC group (316kPa,
4.2%WW for GAG and 3.3%WW for collagen), and the highest mechanics/matrix
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production was seen in MZ-MSC (480kPa, 4.8%WW GAG and 6.5%WW collagen) and
DZ-MSC (427kPa, 4.5%WW GAG and 7.3%WW collagen) groups at 16 weeks. Overall
bulk properties of the tri-layered construct reached 537kPa, 4.4%WW GAG and
6.4%WW, whereas MSC-only constructs reached only 338kPa, 3.7%WW GAG and
7.6%WW collagen at 16 weeks, respectively (Table 7-1).

Figure 7-3: Development and maturation of a tri-layered construct. (A) A cross-sectional
view of a tri-layered construct showing distinct zonal sub-layers visualized by CellTracker
at 16 weeks (Left). (SZ: Red, MZ: Purple, DZ: Green, MSC: Blue; 2.5x; Scale bar = 1 mm).
Co-cultures of SZ-MSC (Top right) and DZ-MSC (Bottom right) were evident in each sublayer (20x; Scale bar = 100 µm). (B) Immunohistochemistry of type II collagen (Top) and
chondroitin sulfate (Bottom) at 8 weeks (60 million cells/mL; CH:MSC = 1:4; Scale bar = 1
mm). (C) Heterogeneous matrix accumulation at 8 weeks in a tri-layered construct due to
limited nutrient transport to the central region. The peripheral region (Solid arrow) showed
more rigid matrix than the core (Dashed arrow) (Scale bar = 1 mm). (D) Alcian blue staining
of peripheral (Left) and core (Right) region of the construct (20x, Scale bar = 100 µm).
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MSCs and CHs remained viable over the 16 week culture period, and each cell
population was well distributed within its appropriate layer (Figure 7-3A). Both tri-layered
and MSC-only constructs showed dense type II collagen (COL II) and chondroitin sulfate
(CS) deposition at 8 weeks (Figure 7-3B). While there was a robust matrix accumulation
throughout the constructs, matrix accumulation was markedly limited in the core region.
When observing the cross-section of these constructs, the peripheral region was much
stiffer than the core, as evidenced by the core region swelling outward when the
constructs were divided in a half (Figure 7-3C). Alcian blue staining confirmed greater
PG deposition in the peripheral region compared to the core (Figure 7-3D). Further, the
cells in the peripheral region retained a rounded morphology reminiscent of the native
tissue, whereas the cells in the core region were enlarged with disorganized lacunae
indicating a possible hypertrophic or unhealthy state.

Figure 7-4: Gross appearance of tri-layered constructs with hollow fiber after 8 weeks of
culture. The HF channel remained open during the culture period (A), and there was little
to no interaction between the HF and the surrounding hydrogel (B) (Scale bar = 1 mm).
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7.3.2 Enhancement of nutrient transport via the inclusion of a hollow fiber (HF)
To improve nutrient/waste transport in the core regions of these constructs, we
introduced a porous hollow fiber (HF) with our without the addition of a cotton thread.
HFs in the tri-layered constructs remained open during the culture periods (Figure 74A). There was little to no interaction between the HF and the hydrogel construct, as
shown by a clear interface between the two upon removal of the HF (Figure 7-4B). To
investigate the ability of the HFs (with or without thread) to promote nutrient/waste
transport, particularly in the core region, we assessed three different conditions. These
included constructs with no channel, with HF alone, and with HF w/cotton threads
(Figure 7-5). Based on visual inspection, constructs from all groups grew well and
achieved similar volumes (Figure 7-5A). However, the core regions of the constructs
with no channel showed little matrix deposition compared to the peripheral regions.
Conversely, those constructs with HF or HF w/cotton threads showed greater matrix
accumulation, with the center comparable to the construct edge. The core region with
HF w/cotton threads appeared fully matured and homogenous throughout the crosssection (Figure 7-5B). Each layer within constructs with HF and HF w/cotton threads
remained flat, while those without a channel showed swelling of the MZ-MSC layer,
resulting in deformations of the adjacent SZ-MSC and DZ-MSC layers. Mixed
populations of CHs and MSCs were viable and well distributed within their appropriate
layers in all groups (Figure 7-5C). Calcein-AM staining showed that the cells near the
HF or HF w/cotton threads were more viable than those in the core region of constructs
lacking a channel (Figure 7-5D). Furthermore, Alcian blue staining showed marked PG
production in the core region for constructs with HF and HF w/cotton threads, and cells
in these regions maintained a normal morphology, whereas in constructs with no
channel, there was poor matrix accumulation in the core region with cells taking on an
enlarged (hypertrophic) appearance (Figure 7-5E).
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Figure 7-5: Maturation of tri-layered constructs with HFs. Groups are indicated as “No
Channel” (Left column), “Hollow Fiber” (HF; Middle) and “HF w/threads” (Right),
respectively. (A) Gross appearance of tri-layered constructs with 8 weeks of culture
(Markers = 1 mm). (B) Cross-sectional view (Markers = 1 mm). (C) CellTracker-labeled
zonal chondrocytes and MSCs co-cultured in a tri-layered construct (2.5x, Scale bar = 1
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mm). (D) Calcein-AM staining of constructs at 8 weeks of culture (2.5x, Scale bar = 1 mm).
(E) Alcian blue staining of constructs at 8 weeks of culture (10x and 2.5x (Inset), Scale bar
= 100 μm). HF indicates original position of hollow fiber.

7.3.3 Functional properties of tri-layered constructs
Functional properties of tri-layered construct for all groups increased with time, with
levels at the end of the study comparable to native cartilage tissue (shaded area)
(Figure 7-6C-E). Bulk mechanical properties of no channel, HF, and HF w/cotton
threads groups reached 630kPa (p=0.014), 600kPa, and 584kPa at 16 weeks,
respectively (Figure 7-6C). Similarly, GAG and collagen contents (GAG/collagen) were
3.9%WW/4.5%WW,

4.0%WW/3.7%WW,

and

4.4%WW/4.0%WW

at

16

weeks,

respectively (Figure 7-6D and E). While HF and HF w/thread increased matrix
distribution in the core, it did not influence bulk properties. The local modulus of these trilayered constructs exhibited depth-dependent increase from superficial region (SZ-MSC
layer; ~0.3MPa) to deep region (DZ-MSC layer; ~1.4-2.3MPa) (Figure 7-6F). The
properties of constructs with HF w/cotton threads (green) in the deep zone (DZ-MSC)
nearly matched native levels (black/dashed line). Though the overall depth dependence
mirrored native tissue, the properties in the central regions were still lower than that of
the native tissue.
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Figure 7-6: Depth-dependent properties of tri-layered construct with long-term culture. (A)
MSC-laden bi-layered HA constructs (1 and 5% HA) stained with Hoechst were subjected
to compression (0% ~ 20% strain applied) and nuclei were tracked to compute local
properties. Yellow arrows and circles indicate nuclei traced from reference image (0%
strain) on day 0. (B) Local strain (Ɛxx, Day 0). (C-E) Bulk properties of tri-layered
constructs: (C) EY (kPa), (D) GAG (%WW), (E) Collagen (%WW) (Dashed gray line = native
cartilage; Lighter bars = 8 weeks, Darker bars = 16 weeks). (F) Local E Y (kPa) for tri-layered
constructs at 16 weeks (No channel = Blue, HF = Red, HF w/cotton threads = Green, Native
cartilage = Black).
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7.4 Discussion
In this study, we developed methods to co-culture zonal CHs with MSCs in 3D HA
hydrogels, and fabricated a tri-layered construct (with mixed cell subpopulations in each
layer) to mimic the zonal organization and depth-dependent properties of native
cartilage. Constructs formed from superficial CHs and MSCs yields tissue with the
lowest compressive properties and GAG content (320 kPa; 4.2% WW), while those
formed from middle or deep zone CHs and MSCs had the highest bulk properties (>430
kPa; >4.5%). This indicates the passaged chondrocytes re-differentiated in the presence
of TGF-β3 while retaining their zonal characteristics, even after multiple population
doublings (Kim, Sharma et al. 2003, Darling and Athanasiou 2005, Hong and Reddi
2013). Importantly, the differences that emerged between cultures were apparent with
CHs comprising only 20% of the starting cell population. This suggests that CH-MSC
co-cultures of zonal origin might be harnessed to replicate native tissue form and
function.

Building from this platform, single-layered constructs (with zonal co-culture) were
combined into one tri-layered construct. Under this scenario, zonal CHs in each layer
retained their distinct cellular matrix forming capacity and organization and remained
viable over 16 weeks, as did the co-cultured MSCs. The fact that MSCs appeared
remain viable and produced ECM may suggest that molecular factors secreted from CHs
promote their function under these challenging conditions (Chen, Liang et al. 2012).
Sustained ECM production by MSCs in this co-culture context could potentially reduce
the need of CHs by up to 80%. Overall, we noted robust accumulation of type II collagen
(COL II) and chondroitin sulfate (CS) throughout the cross-sectional area, though all
constructs showed a core region in which little matrix was deposited. Cells in the
peripheral regions maintained a small size and round shape with a distinct cell boundary
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and nuclei, whereas those in the core appeared much larger. While both MSC-laden and
mixed cell-laden constructs were maintained under the same culture conditions, the
equilibrium modulus and GAG content of tri-layered constructs were 1.7 and 1.3 times
greater than that of the MSC-laden constructs, respectively. This may be due to MSCs
cultured alone being more sensitive to changes in their microenvironment (e.g., glucose
level or oxidative stress) (Farrell, Fisher et al. 2014) compared to those mixed with CHs.

Despite these positive findings with tri-layered co-cultures, the need for improved
nutrient transport was evident, as demonstrate by the differing matrix production in the
central and peripheral regions. This transport challenge exists regardless of cell type,
and has been reported by many others, particularly when engineering larger constructs
(Buckley, Thorpe et al. 2009, O'Connell, Lima et al. 2012, Cigan, Nims et al. 2014, Nims,
Cigan et al. 2015). Early efforts to overcome this issue have centered on the application
of dynamic loading, decreasing construct thickness, or creating macro-channels. While
channels appear promising during short term culture, we and others have shown that
macro-channels can become filled with newly formed tissue early in culture (Figure 7-7).
This can be addressed to some extent by ‘re-punching’ the closed channels (Cigan,
Nims et al. 2016), though this requires an additional handling step during culture. To
overcome this limitation, in this study we included a porous HF or a HF strung with a
cotton thread to maintain channel patency and improve nutrient/waste transport into the
core of the construct. Introduction of the central HF or HF/thread preserved construct
dimensions (limited swelling in each layer) and improved cell viability, particularly in the
core region. Cells in the core region retained a normal morphology and produced
abundant matrix, whereas cells in constructs lacking a channel were enlarged, with poor
matrix production. However, while the HF and/or HF w/thread promoted more uniform
matrix accumulation and maintained cell morphology, there was no effect on bulk
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properties. This suggests that the bulk properties were mainly governed by properties of
the periphery. That said, when we measured the local properties of the tri-layered
constructs, we found that the deep zone of constructs with HF w/cotton thread nearly
matched that of the native bovine cartilage deep zone (DZ-MSC) (Ng, Ateshian et al.
2009). Indeed, the ratio of local modulus from the top to bottom layer of the tri-layered
construct (DZ:MSC / SZ:MSC) with no channel, with HF, and with HF w/thread was 4,
6.5 and 6.8, respectively. In native bovine cartilage, this ratio is 7.9 (DZ/SZ). While
constructs overall began to mirror the depth dependence of native tissue, the properties
of the central region (MZ-MSC layer) were still lower than that of the native tissue. This
may in the future be addressed by adding additional nutrient channels (Cigan, Nims et
al. 2016) and/or extending the culture duration.

Biomimetic design in engineering cartilage-like constructs is of importance not only for
recapitulating native structure and function but also for enhancing integrative repair by
modulating zone-to-zone integration and matching mechanical properties with the host
tissue. By filling defects in a zonally consistent manner, one might promote better
integration between the repair and host tissue under physiologic loading. That is, if the
depth-dependent properties of the implant mirror the native tissue, this would harmonize
deformations through the depth and diminish stress concentrations at the integrative
surface. In this regard, the current design is still in need of fine tuning with respect to the
thickness each layer, based on the generally defined 10% (superficial zone), 60%
(middle) and 30% (deep zone) layers of native tissue. Further studies will be required to
validate this concept using native cartilage and more precisely engineered depthdependent engineered tissue constructs.
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Figure 7-7: Tissue filling of macro-channels in tri-layered constructs. Macro-channels
(Ø1mm) that were created on day 0 filled with matrix early in culture. (A) A schematic of
creation of macro channel. (B) Gross appearance showing a closure of macro channel
(Scale bar = 1 mm). (C) Cross-sectional view of a tri-layered construct showing new tissue
deposition resulting in closure of the macro channel (Scale bar = 1 mm). (D) Zoomed-in
view near the surface (Scale bar = 500 μm).

Taken together, our results demonstrate that a layer-by-layer fabrication scheme,
including co-cultures of zone-specific articular CHs and MSCs, can reproduce the depthdependent characteristics and mechanical properties of native cartilage while minimizing
the need for large numbers of chondrocytes. Such a tri-layered construct may provide
critical advantages for focal cartilage repair. These constructs hold promise for restoring
a native tissue structure and function, and may be beneficial for zone-to-zone integration
with adjacent host tissue and provide more appropriate strain transfer after implantation.
Future work will investigate how individual cells within each layer communicate with one
another and with adjacent layers, and will scale this technology to produce constructs of
anatomic relevance for cartilage repair applications (Hung, Lima et al. 2003, Rowland,
Colucci et al. 2016, Saxena, Kim et al. 2016).
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CHAPTER 8: Fabrication of Micro-scale Chondrocyte-seeded ‘Noodle-like’
Constructs to Promotes Cartilage Repair with Microfracture

8.1 Introduction
Chondrocytes (CH) and mesenchymal stem cells (MSC) are a commonly used cell
source for cartilage repair. CHs are stable and superior to MSCs in producing functional
matrix, but are limited in number and lose their phenotype upon extensive passaging
(Darling and Athanasiou 2005). Conversely, MSCs can be readily expanded and
undergo chondrogenesis, but this capacity is attenuated with aging (Erickson, van Veen
et al. 2011). This is in part why microfracture procedures, which enable MSC entry into a
cartilage lesion from the underlying marrow, are contraindicated in older patients
(Makris, Gomoll et al. 2015). To overcome this limitation, various studies have employed
CH/MSC co-culture systems, and have shown that a small pool of healthy/young CHs
can rejuvenate a larger pool of infirm/old MSCs when the two cell types are placed in
close proximity to one another (de Windt, Saris et al. 2015). While an interesting finding,
this co-culture effect is not altogether clinically relevant, as most studies are performed
in larger, cylindrically shaped formats (Buschmann, Gluzband et al. 1992). These
constructs not only have the disadvantage of heterogeneous matrix accumulation due to
limitations in nutrient transport (making scale-up a challenge), but also would require the
ex vivo expansion of both cell types (CH and MSCs), rather than just CHs (as is
currently done for ACI procedures).

To overcome these obstacles, we developed a new micro-scaled tissue engineered
construct that takes advantage of co-culture effects while at the same time having the
potential for clinical use in the context of microfracture. The increase of surface area
provided by micro-noodles was designed to enhance nutrient transport and intercellular
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communication. We designed the CH-seeded micro-scale noodle-shaped construct
(micro-noodle) in an injectable format, so that it could be readily implemented in the
context of microfracture, allowing bone marrow derived MSCs entering the wound site to
percolate into a micro-scaled CH-seeded gel fiber weave. Here, we report on the
fabrication of these micro-noodles, investigate their chondro-inductive capacity in an
environment mimicking microfracture (co-cultured with MSCs seeded in fibrin glue), and
evaluate the stability and retention of micro-noodles after placement in defects in vivo
using a large animal model of cartilage repair.

8.2 Materials and Methods
8.2.1 Isolation of chondrocytes (CHs) and MSCs
Chondrocytes (CHs) and MSCs were isolated from adult porcine stifle joints (18 months,
Sinclair Bioresources). Cartilage segments were dissected from the femoral condyle,
washed twice with phosphate buffered saline (PBS) contaning 2x PSF, minced, and
digested with collagenase to isolate CHs. MSCs were isolated from bone marrow within
the diaphysis near the metaphyseal region. Isolated CHs and MSCs were maintained
and expanded in basal media consisting of high glucose Dulbecco’s Modified Eagle
Medium (DMEM; ThermoFisher, Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS; ThermoFisher, Grand Island, NY) and 1% penicillin/streptomycin/fungizone
(PSF; ThermoFisher, Grand Island, NY) to passage 1 or 2.

8.2.2 Pellet culture of porcine CHs and MSCs
To determine the chondrogenic capacity of adult porcine CHs and MSCs, cells were
cultured in pellet format. 250,000 CHs and MSCs were placed in a 96 well round-bottom
polypropylene plate (Nunc, Paperville, IL) and centrifuged at 300xg for 5 minutes. The
aggregated cell pellets were cultured for 2 and 4 weeks in 200 μL/pellet chemically
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defined media (CM). CM was comprised of high glucose DMEM with 1x PSF; 0.1µM
dexamethasone; 50 µg/mL ascorbate 2-phosphate; 40 µg/mL L-proline; 100 µg/mL
sodium pyruvate; and 6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 ng/mL selenious
acid, 1.25 mg/mL bovine serum albumin (BSA), and 5.35 µg/mL linoleic acid. CM was
supplemented with 10 ng/mL TGF-ß3 (CM+, R&D Systems, Minneapolis, MN) to induce
chondrogenesis, and media were changed thrice weekly.

8.2.3 Methacrylated hyaluronic acid (MeHA) synthesis
Methacrylated hyaluronic acid (MeHA) was synthesizied as previously reported by
Burdick and colleagues (Burdick, Chung et al. 2005). Briefly, methacrylic anhydride
(Sigma, St. Louis, MO) was added to 1% w/v sodium hyaluronate (65 kDa MW; Lifecore,
Chaska, MN) dissolved in distilled water, and pH was adjusted at 8.0 with NaOH (Sigma,
St. Louis, MO) on ice for 6 hours. This was followed by dialysis (6kDa MW cutoff;
Spectrum Lab, Rancho Dominguez, CA) for one week with repeated changes of distilled
water. The resulting MeHA solution was lyophilized and stored at -20◦C until use.

8.2.4 Cell encapsulation
To form micro-noodles, lyophilized MeHA was dissolved at 1% w/v in PBS with 0.05%
w/vol photoinitiator (Irgacure I2959, CibaGeigy, Tarrytown, NY). To trace the distribution
of each cell population, cells were labeled with CellTracker (Molecular Probes, Eugene,
OR) prior to encapsulation (Figure 8-3A). These CellTracker-labeled ApCHs were
encapsulated in 1% MeHA at a concentration of 20 or 60 million cells/mL. The cell
solution was extruded into a micro-bore tube, exposed to UV using a 365 nm BlakRay
UV lamp (#UVL56, San Gabriel, CA) for 10 minutes, and then extruded from the tube.
The range of the UV was 320–400 nm, with a transmission maximum of 70% at 365 nm.
Formed micro-noodles (Ø250μm) were cultured in CM+, and cell viability was
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determined via Calcein-AM from the LIVE/DEAD Assay Kit (Molecular Probes, Eugene,
OR).

8.2.5 Development of a micro-noodle system
A micro-bore tubing system was developed to generate micro-scaled noodle-like
engineered

constructs

showing

enhanced

nutrient

transport

and

intercellular

communication via a dramatic increase in surface area compared to traditional
fabrication methods and forms. To fabricate the micro-scaled noodle-shaped constructs
(i.e., micro-noodles), a custom-built micro-bore tubing system was assembled,
consisting of Tygon micro-bore tubing (Ø250μm, USP Corp, Lima, OH), a disposable
syringe needle (30G1/2), a three-way stopcock, and a disposable syringe (10 mL). A long
piece of micro-bore tubing was washed with 70% EtOH through the inner core, rinsed
with PBS and autoclaved using a dry cycle. These were then cut into shorter pieces
(20cm-long) and autoclaved on a dry cycle. A disposable needle was then inserted
through the inner annulus of the micro-bore tube, followed by assembly of the additional
components (Figure 8-3B). To verify the advantages to the use of micro-noodles, the
surface areas of micro-noodle (Ø250μm) constructs compared to conventional cylindrical
constructs (Ø4mm x 2.25mm) that are used in many studies, were calculated and
compared based on the same volume of starting cell suspension/hydrogel (Figure 84A).

8.2.6 Chondro-inductive effect of CH-laden micro-noodles on adult porcine MSCs in
fibrin gel
To investigate the chondro-inductive effect of adult CHs in micro-noodles on adult MSCs
that are expected in the microfracture environment, we developed an in vitro analog of
this environment. That is, ApCH-laden micro-noodles (20 million cells/mL at 1% MeHA)
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were pre-cultured in CM+ for 14 days and then mixed with AMSCs (ACH:AMSC ratio =
1:4) seeded in fibrin gel (Tisseel, Baxter) at a concentration of 20 million cells/mL. This
co-culture formulation was cultured for an additional 14 days in CM+. CH-laden micronoodles or AMSCs alone were embedded/seeded in fibrin gel as controls (Figure 8-6A).

8.2.7 Detection of micro-noodles filled in the defects
To enable tracing of micro-noodles after implantation in vivo, MeHA was mixed with
methacrylated rhodamine B (Polysciences, Inc., Warrington, PA) and/or radiodense
zirconium (IV) oxide nanoparticles (Zirconia, Sigma-Aldrich, St. Louis, MO) (Martin, Milby
et al. 2015). Micro-noodles loaded with methacrylated rhodamine B and/or zirconium
nanoparticle were visualized on an inverted fluorescent (Nikon Eclipse TE 2000-U,
Nikon, Melville, NY) or Nikon A1R confocal microscope (Nikon Instruments Inc., Melville,
NY, USA) or were visualized by micro computed tomography (μCT; vivaCT 75,
SCANCO Medical AG, Bruttisellen, Switzerland) as in (Fisher, Belkin et al. 2015, Fisher,
Belkin et al. 2016), respectively.

8.2.8 Micro-noodle delivery to cartilage defects in an in vivo large animal model
All animal procedures were performed at the Philadelphia VA Medical Center with
approval from the Institutional Animal Care and Use Committee and in accordance with
policies set forth by the National Institutes of Health. Two adult Yucatan mini-pigs (18
months old, ~200lbs, Sinclair Bioresources) were utilized for these studies. Surgical
protocols were as described in Fisher et al. (Fisher, Belkin et al. 2015, Kim, Pfeifer et al.
2015, Fisher, Belkin et al. 2016). Four defects were created in the trochlear groove of
right hind limb in a unilateral procedure. Chondral defects were formed using a 4 mm
biopsy punch to outline the defect boundary, followed by removal of cartilage tissue from
the defect using a bone curette. After the complete removal of cartilage, microfracture
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was performed, creating three perforations 1 mm deep to the subchondral bone in each
defect using an awl. After microfracture, the cell/HA solution was extruded into the
device and photo-polymerized, and then micro-noodles were extruded into the defect.
After surgery, the arthrotomy was closed layer by layer and animals were recovered
following

standard

post-surgical

procedures

for

pain

control.

Animals

were

accommodated in a normal cage and free mobility for the duration of study. Animals
were euthanized after 1 or 2 weeks, and the right hind limb was disarticulated at femoral
head. The trochlear groove was grossly inspected, imaged, and individual cartilage
defects including the underlying bone were isolated using a hand saw.

8.2.9 Verification of micro-noodle retention in chondral defects
Osteochondral units were fixed in 4% paraformaldehyde (PFA). To identify the presence
of micro-noodles in the defect, one osteochondral unit was examined to detect micronoodles based on fluorescently labeled dyes. Underlying trabecular bone adjacent to the
cartilage was trimmed. The osteochondral unit was carefully cut in half, through the
middle of the defect. The cross-sectional side was placed face down on a glass coverslip
and imaged on a confocal microscope. Micro-noodles and delivered CHs were
visualized in their respective fluorescent channels (red and purple).

8.2.10 Biochemical analysis
To assess micronoodle maturation, the wet weight of each micro-noodle was measured,
followed by papain digestion (1mL/construct, 0.56U/mL in 0.1M sodium acetate, 10M
cysteine hydrochloric acid, 0.05M ethylenediaminetetraacetic acid, pH 6.0) at 60°C for
16 hours. Sulfated glycosaminoglycan (s-GAG) content was assessed using 1,9dimethylmethylene

blue

(DMMB)

assay

(Farndale,

Buttle

et

al.

1986).

Orthohydroxyproline (OHP) content was measured via reaction with chloramine T and
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diaminobenzaldehyde. Collagen content was extrapolated from OHP using a 1:7.14 ratio
of OHP (Neuman and Logan 1950).

8.2.11 Histological analysis
Constructs and osteochondral units were fixed in 4% paraformaldehyde (PFA) for 24
hours were decalcified (for osteochondral units) and embedded in paraffin. Sections (8
µm thick) were deparaffinized in a graded series of ethanol and stained with Alcian Blue
(pH 1.0) for proteoglycans (PG). Immunohistochemistry was carried out to visualize type
I and type II collagen and chondroitin sulfate (CS). Samples underwent antigen retrieval
using hyaluranidase (HASE) from type IV bovine tests (Sigma-Aldrich, St. Louis, MO) for
1 hour and followed by Protease-K (DAKO, Glostrup, Denmark) for 4 minutes at room
temperature. Endogenous peroxidase activity was quenched by pretreating sections with
3% hydrogen peroxide. To block nonspecific background staining, sections were
incubated with 10% normal goat serum (Sigma-Aldrich, St. Louis, MO). Primary
antibodies against type I collagen (MAB3391; Millipore, Billerica, MA), type II collagen
(II-II6B3; Developmental Studies Hybridoma Bank, Iowa City, IA), and chondroitin sulfate
(C8035, Sigma-Aldrich, St. Louis, MO) were used for detection. Antibody diluent solution
(DAKO, Glostrup, Denmark) was used to dilute primary antibodies. After incubation with
primary antibodies (overnight at 4ºC), sections were washed and treated with bioinylated
goat anti-rabbit IgG secondary antibodies followed by streptavidin horseradish
peroxidase (HRP). Sections were reacted with DAB chromogen reagent for 10-20 min
(DAB150 IHC Select, Millipore, Billerica, MA). Native tissues (osteochondral plug and
tendon) were used as negative or positive controls. Color images were captured at a
magnification of 10X using an Eclipse 90i upright microscope (Nikon Corp).
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8.2.12 Statistical Analysis
Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT software
Inc., San Jose, CA). Significance was determined by two-way ANOVA with Tukey’s post
hoc test (p<0.05).

8.3 Results
8.3.1 Chondrogenic capacity of ApCHs and ApMSCs in pellet culture
Adult porcine MSC (ApMSC) pellets severely contracted through 4 weeks in CM+ while
adult porcine chondrocyte (ApCH) pellets grew well and deposited an ECM with dense
PG and collagen, as assessed by Alcian blue and Picrosirius red staining, respectively.
ApMSCs produced dense collagen but little PG (Figure 8-1A). Likewise, the GAG
content in ApCHs was 3.3 and 6 times greater than ApMSCs at 2 and 4 weeks,
respectively (Figure 8-1B).

Figure 8-1: Chondrogenic capacity of ApCHs and ApMSCs in pellet culture.
(A) Alcian blue (Top) and Picrosirius red (Bottom) staining at 4 weeks, (B) GAG content
(μg/construct). (Lighter bars = 2 weeks, Darker bars = 4 weeks; N = 3/group; p<0.05)
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8.3.2 Micro-noodles increase surface area for nutrient exchange and intercellular
communication
ApCHs remained viable within the micro-noodles (Figure 8-2) and deposited ECM. Cellladen micro-noodles were initially straight (Figure 8-3C), but curled into a random weave
and opacified with culture duration (Figure 8-5A). Cell-laden micro-noodles were initially
straight (Figure 8-3C), but curled into a random weave and opacified with culture
duration (Figure 8-5A). The actin cytoskeleton in ApCH-micro-noodles was cortical on
day 0, but transitioned to a more fibrillar structure as cells divided and aggregated with
one another by day 5 (Figure 8-3D, inset).

Figure 8-2: Viability of ApCH-laden micro-noodles at day 5. Live cells were visualized by
Calcein-AM staining. (Green = Calcein-AM, Red = Chondrocytes, Blue = DAPI; Scale bar =
50 µm; Inset = Zoomed view; 10µm)

By design, the micro-noodles provided greater surface area in order to improve nutrient
transport and intercellular communication. Given the same gel volume, the surface area
of the micro-noodle was 8.5 times greater than a cylindrical construct. This difference in
surface area accounted for up to 400 mm2 (Figure 8-4B and C).
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Figure 8-3: Fabrication of CH-laden micro-scale noodle-shaped construct. (A) Cell
encapsulation and fabrication of micro-noodles, (B) Micro-bore tubing system, (C) gross
image of micro-noodles on day 0 (Scale bar = 500µm), (D) visualization of micro-noodle by
confocal microscopy on day 0 (Left) and day 5 (Right). (Green = actin, Blue = DAPI, Red =
chondrocytes; Scale bar = 50 µm; Inset = Zoomed view; 10µm).

8.3.3 Chondrogenic maturation of ApCH-laden micro-noodles after long-term culture
Histological assessment showed that micro-noodles formed robust matrix that was
homogeneously distributed throughout the diameter after 56 days in culture (Figure 8-5).
Immunohistochemistry of type II collagen showed dense staining with little evidence of
type I collagen deposition. This indicates that ApCH form a cartilage like tissue within
the micro-noodle format.

8.3.4 Influence of ApCH-laden micro-noodles on ApMSC chondrogenesis
Given our past findings that adult MSC function can be improved by co-culture with
chondrocytes, we next developed an in vitro model of MSC colonization of a
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microfracture treated defect. ApCH-laden micro-noodles were pre-cultured for 14 days
in CM+ and then combined with ApMSCs in fibrin gel and cultured in CM+ for an
additional 14 days. Staining on day 28 showed that the most intense matrix production
by ApMSCs occurred at sites adjacent to the ApCH-laden micro-noodles. Fibrin
construct seeded with only ApMSCs showed little matrix formation, and matrix occurred
primarily in the periphery (Figure 8-6C-E).

Figure 8-4: Micro-noodles increase surface area to enhance nutrient transport and improve
intercellular communication. (A) Schematic of cell-laden cylindrical constructs and micronoodles (Red = healthy cells, Gray = apoptotic cells potentially due to the lack of nutrient
transport). (B) Computation of surface area presented by micro-noodles and cylindrical
constructs of a similar gel volume. Given the dimensions of cylindrical constructs (Ø4mm
x 2.25mm), micro-noodles provide 8.5 times greater surface area and have 400 mm 2
greater surface area. (C) Gross appearance of cylindrical construct (Left) and micronoodles (Right) on day 0 (Marking = 1mm).
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Figure 8-5: Histological assessment of CH-laden micro-noodles. (A) Gross image of micronoodles after 8 weeks of culture.

Histological analysis by (B) Alcian blue, (C) type II

collagen, and (D) type I collagen staining (Scale bar = 500 µm).

Fibrin constructs with ApCH-laden micro-noodles co-cultured with ApMSCs showed
dense PG, type II collagen and type I collagen deposition compared those cultured with
ApMSC alone (Figure 8-6C-E). PG produced by ApCH-laden micro-noodle alone
constructs (lacking ApMSCs in the fibrin) remained within the boundary of micro-noodles
and did not spread into the fibrin domain (Figure 8-6B). Taken together, these findings
suggest that the embedded ApCH-laden micro-noodles improve matrix production by cocultured ApMSCs in this in vitro analog of a focal cartilage defect treated with
microfracture.
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Figure 8-6: Influence of ApCH-laden micro-noodles on ApMSC chondrogenesis in fibrin
gel. (A) Schematic of ApCH-laden micro-noodles and MSC/fibrin glue co-culture system.
(B) Alcian blue staining: ApCH-laden micro-noodles only in fibrin gel. (C) Type II collagen
staining: ApCH-laden micro-noodles co-cultured with ApMSC in fibrin gel (Top) and
ApMSCs only in fibrin gel (Bottom). Type I collagen (D) and Alcian blue (E) staining of
experimental groups (Scale bar = 500 µm).

8.3.5 Imaging of micro-noodles within chondral defects
To confirm the presence of micro-noodles in defects post implantation, we modified the
materials

to

enable

visualization

using

various

imaging

modalities

(e.g.,

fluorescent/confocal microscopy or microCT). For this, HA macromer was reacted with a
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fluorescent tag and/or combined with zirconium nanoparticles. To visualize delivered
ApCH, cells were labeled with CellTracker prior to encapsulation in the micro-noodle.
Results showed ApCH-laden micro-noodles visualized at a lower magnification in green
(ApCHs) within red (micro-noodles) (Figure 8-7A). At higher magnification, using
confocal microscopy, one can readily visualize cellular and subcellular components
(Figure 8-7B). Further, the combination of zirconium nanoparticles and methacrylated
rhodamine B enabled visualization of micro-noodles by both microscopy and microCT
(Figure 8-7C). Visual inspection also showed that micro-noodles filled defects, with
individual noodle structures randomly distributed through the defect space (Figure 87D). Micro-noodles within the cartilage defect were detected by fluorescent microscopy
(Figure 8-7E) and microCT with 3D reconstruction (Figure 8-7F).

8.3.6 Detection of ApCH-laden micro-noodles in a large animal cartilage defect model
Using these methods, we next evaluated whether micro-noodles would remain in a focal
cartilage defect after in vivo implantation and subsequent load-bearing use of the joint.
ApCH-laden micro-noodles were injected into defects after microfracture was performed
(Figure 8-8A). Visual inspection indicated that micro-noodles had remained within a
chondral defect after one week post implantation (Figure 8-8B). These micro-noodles
clearly remained and covered the defect area, with some level of integration apparent
with the adjacent cartilage (Figure 8-8C). Confocal microscopy confirmed the presence
of ApCH-laden micro-noodles in the defects as shown in red (delivered micro-noodles)
and purple (delivered ApCHs). The fluorescent dyes that were used to label micronoodles and ApCHs remained retained a strong signal intensity at this time point (Figure
8-8D).
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Figure 8-7: Detection of ApCH-laden micro-noodles in a focal cartilage defect. (A) To
identify micro-noodles in defects after implantation, methacrylated rhodamine B was
mixed with MeHA prior to polymerization. Merged image (Left) shows ApCHs (Green) and
micro-noodles (Pink) (Scale bar = 1mm). (B) Micro-noodles imaged under confocal
microscopy (Scale bar = 250 µm). (C) Micro-noodles mixed with zirconium nanoparticles
for microCT, which appear as black speckles (Scale = 250 µm). (D) Osteochondral unit
filled with zirconium nanoparticle-modified micro-noodles (Left) and zoomed view (Right)
(Scale bar = 500 µm). (E) Micro-noodles detected by fluorescent microscopy (Scale = 1
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mm). (F) MicroCT imaging of zirconium nanoparticle-seeded micro-noodles (Scale bar =
1mm).

Figure 8-8: Retention of ApCH-laden micro-noodles in a large animal cartilage defect
model. (A) Gross appearance of trochlear groove with defects filled with micro-noodles
(Left) and zoomed in view of trochlear groove (Right). (B) Trochlear groove at one week
post-surgery. (C) Zoomed view of defect filled with ApCH-laden micro-noodles at one week
post-surgery. (D) Micro-noodles remained in the defect for one week post-surgery, as
evidenced by presence of fluorescently labeled gel material and cells (Red = micronoodles, Purple = ApCHs; Scale bar = 50 µm).

8.4 Discussion
In this study, we developed micro-scale CH-seeded noodle-shaped constructs that can
be combined with current microfracture procedures. The small size of these constructs
allowed for efficient nutrient transport and intercellular communication, resulting in
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homogeneous matrix formation throughout the diameter and improved adult MSC
chondrogenesis when these cells were co-cultured with CH-laden micro-noodles in vitro.
The small size and flexibility of these micro-noodles also makes them suitable for filling
various defect sizes and shapes. When first formed, CHs in micro-noodles appeared as
distinct rounded cells (with cortical actin), but rapidly reorganized to form a thin and
tough 3D structure that could be manipulated with forceps. Pre-cultured CH-seeded
micro-noodles improved MSC chondrogenesis when these two elements were cocultured in a fibrin gel, mimicking the environment of the cartilage defect postmicrofracture.

These

micro-noodles

could

thus

be

incorporated

within

bone

marrow/marrow concentrate and implanted to improve cartilage repair. Likewise, when
the fluorescent dye-labeled CH-laden micro-noodles were directly injected into defects
after microfracture was performed in an in vivo large animal model, micro-noodles
remained in place over the first 1-2 weeks post-surgery, as was confirmed by confocal
microscopy. Current studies are focused on further scaling down the diameter of these
micro-noodles and optimizing their ease of use during surgical procedures. Together,
these findings show that CH-laden micro-noodle constructs are a clinically relevant tool
that can be used to capitalize on CH/MSC interactions to improve cartilage repair. This
novel co-culture inspired repair strategy is now being evaluated to demonstrate
functional cartilage regeneration in vivo over the long term.
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CHAPTER 9: Summary and Future Directions

9.1 Summary
Cell-based cartilage tissue engineering strategies combined with biomaterials have
achieved a fundamental goal in that they can now recapitulate the mechanical properties
and biochemical content of native tissue with sophisticated in vitro culture methods.
However, the persistent and remaining challenge and ultimate goal of tissue engineering
is the successful translation of these engineering strategies to humans, who will
experience a complete recovery of their intrinsic functions and biology. While great
progress has been made towards this goal, the remaining gap seems quite large in
reality. With the goal of contributing in linking this gap, placing one small stone in this
pathway, we initially investigated the chondrogenic capacity of human MSCs (Chapter
3) and explored the optimal delivery methods of TGF-β3 and/or dexamethasone to
promote functional outcomes of MSC-laden constructs (Chapter 4 and 5). Likewise, we
also queried the effect of molecular factors secreted from chondrocytes in restoring the
functional chondrogenic potential of MSCs under co-culture condition (Chapter 6).
Based on the findings in Chapter 6, in terms of the characteristics of zonal chondrocytes,
mechanisms of intercellular communication, and the functional outcomes as a result of
co-culture, in Chapter 7, we developed engineered constructs that recapitulate native
structure and functional properties while at the same time improving nutrient transport to
enable growth of these large constructs. Finally, using the co-culture concept described
in Chapter 6 and taking advantage of the importance of nutrient transport demonstrated
in Chapter 7, we developed CH-seeded micro-scaled noodle-like constructs, ‘micronoodles’, to deliver molecular factors secreted from CHs to endogenous MSCs recruited
from underlying bone during the clinically utilized microfracture procedure, validated this
micro-scale co-culture concept in a bone marrow-like condition in vitro, and eventually
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evaluated the initial stability and retention of these micro-noodles in chondral defects in a
large animal (Chapter 8).

In Chapter 3, our findings showed marked differences in functional chondrogenesis of
hMSCs in 3D culture, based on donor. Increasing cell density resulted in increased
properties, but also promoted construct contraction for some donors. Increasing the
macromer density generally stabilized construct dimensions, but limited the distribution
of formed matrix. For donors that showed marked contraction in low weight percentage
HA gels, inhibition of cell contractility stabilized construct dimensions and maintained cell
distribution, but did not improve functional properties over the long term. Collectively,
these findings suggest that the use of autologous MSCs may require tuning of cell
density and gel mechanics on a donor-by-donor basis in order to provide for the most
robust tissue formation for clinical application.

Results in Chapter 4 demonstrated that a brief exposure (7 days) to a very high level
(100 ng/mL) of TGF-β3 was sufficient to both induce and maintain cartilage formation in
these 3D constructs. Indeed, this short delivery resulted in constructs with mechanical
and biochemical properties that exceeded that of continuous exposure to a lower level
(10 ng/mL) of TGF-β3 over the entire 9-week time course. Of important note, the total
TGF delivery in these two scenarios was roughly equivalent (200 vs. 180 ng), but the
timing of delivery differed markedly. These data support the idea that acute exposure to
a high dose of TGF will induce functional and long-term differentiation of stem cell
populations, and furthers our efforts to improve cartilage repair in vivo.

In Chapter 5, constructs cultured in CM+ and DEX- conditions produced robust matrix,
while those in ITS/BSA/LA- and Serum+ conditions produced little to no matrix. While
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construct properties in DEX- conditions were greater than those in CM+ at 4 weeks,
properties in CM+ and DEX- reversed by 8 weeks, with CM+ constructs being higher.
While construct properties in DEX- were greater than those in CM+ at 4 weeks, the
continued absence or removal of dexamethasone resulted in marked GAG loss by 8
weeks. Conversely, the continued presence or new addition of dexamethasone at 4
weeks further improved or maintained construct properties through 8 weeks. Finally,
when constructs were converted to serum containing media after pre-culture in CM+ for
4 weeks, GAG loss was attenuated when cultured in Serum+ supplemented with
dexamethasone (34% loss with dex vs. 80% loss without dex). These data suggest that
dexamethasone influences the functional maturation of MSC-laden HA constructs, and
may help to maintain properties during long-term culture, or with in vivo translation, by
repressing pro-inflammatory signals that arise with time in culture or as a result of the
implantation environment.

In Chapter 6, we showed the differential impact of zonal CHs on MSC chondrogenesis,
demonstrated that juvenile CHs can promote functional growth by aged MSCs in coculture, identified molecular pathways involved in this co-culture phenomenon, and
demonstrated that extracellular vesicles (EVs) are a primary mechanism mediating the
co-culture phenomenon. These findings will forward the development of new therapeutic
agents and more effective delivery systems to promote functional cartilage tissue
formation by adult autologous MSCs.

In Chapter 7, we were able to fabricate tri-layered constructs with depth-dependent
organization and properties. To address the issue of scale up of these large constructs,
we showed that the addition of HFs or HFs/threads improved matrix accumulation in the
central core region. With HF/threads, the local modulus in the deep region of tri-layered
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constructs nearly matched that of native tissue, though the properties in the central
regions remained lower. These constructs reproduced the zonal organization and depthdependent properties of native tissue, and demonstrated that a layer-by-layer fabrication
scheme holds promise for the biomimetic repair of focal cartilage defects.

In this Chapter 8, we examined the chondrogenic capacity of adult porcine CHs and
MSCs, reported on methods for the fabrication of micro-noodles, showed their chondroinductive capacity in an environment mimicking microfracture (co-culture in an MSCladen fibrin gel), and evaluated their delivery and retention in an in vivo large animal
model of cartilage repair. Our findings demonstrated that CH-laden micro-noodle
improved MSC chondrogenesis in vitro, and that micro-noodles remained in defects over
1-2 weeks in our large animal model. Taken together, these findings demonstrate the
promise of this novel approach as a clinically relevant tool that can take advantage of
CH/MSC interactions occurring during microfracture procedures to improve cartilage
repair.

9.2 Limitations and Future Directions
9.2.1 Determination of molecular factors/pathways in co-culture
In Chapter 6, we demonstrated that molecular factors secreted from juvenile CHs
rejuvenated the chondrogenic capacity of adult MSCs and altered their genomic profiles.
However, specific upstream genes or pathways related to these genes were not fully
investigated and validated. From this study, we identified and confirmed that the
intercellular communication of co-culture occurred through clathrin-mediated endocytosis
of extracellular vesicles (EVs), but we did not specifically identify their contents. EVs
have been reported to transfer microRNAs, DNA, and various proteins, and recent
studies have demonstrated the role of microRNAs in transferring genomic characteristics
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from one cell type to another. Further work to isolate, identify the contents of, and
delivery these EVs will be carried out in future studies.

9.2.2 Arthroscopic delivery of micro-noodles
In Chapter 8, we fabricated micro-noodles and demonstrated functional
maturation of cell-laden micro-noodles and showed their impact when co-cultured with
adult MSCs in vitro. We also proved the stability and retention of these micro-noodles
after implantation in a large animal cartilage defect model. However, one limitation of the
micro-bore tubing system is the high extrusion pressure required after photopolymerization. To achieve better control in terms of delivering micro-noodles to the
defects, the surface tension between the inner surface of the tubing and the polymerized
micro-noodles needs be reduced. Also, given the design of the first generation delivery
device, micro-noodles were delivered during an open knee surgery. However, because
of their conformation and scale, micro-noodles can be delivered arthroscopically, with
the appropriate delivery system. As minimally-invasive surgery provides greater benefits
in terms of cost, patient happiness, and the time required for surgery/recovery, an ideal
development would be the design of an arthroscopic delivery device to combine micronoodles with microfracture (which itself can be performed arthroscopically). Efforts are
underway now to design such a device (Figure 9-1). Once complete, we will use this
system to assess the impact of arthroscopic micro-noodle delivery on the long term
quality of cartilage repair compared to arthroscopic microfracture alone. We will also,
based on findings from Chapters 4-6, work to optimize the micro-noodles to produce
robust matrix and exert a powerful co-culture effect within the synovial joint cavity, where
cells are exposed to bone marrow and synovial fluid, through the controlled release of
select agents, such as TGF-β3 and dexamethasone.
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Figure 9-1: Schematic of arthroscopic micro-noodle delivery system

9.3 Conclusions
The ultimate goal of cartilage tissue engineering is not only to recapitulate the native
structure, mechanical properties, and biochemical content of articular cartilage, but also
to enable these engineered cartilage implants to function in the joint while maintaining
the correct phenotype with physical and morphological integrity in the synovial joint.
Ideally, delivery of a functional implant such as this would improve patient related
outcomes (reducing pain) without causing pain or other side effects. While this seemed
an unattainable goal a few decades ago, given the lack of knowledge of cartilage biology
and lack of technological capacity, numerous novel findings have emerged that have
gradually begun to fill the gap. The work contained in this thesis demonstrates that one
can enhance the chondrogenic potential of adult MSCs not only by the proper delivery of
growth factors and/or synthetic hormones, but also by taking advantage of naturally
generated molecular factors secreted from chondrocytes. Further, based on the
tunability of hyaluronic acid (HA) hydrogels and the zonal characteristics of chondrocytes
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MSCs, we were able to recapitulate the depth-dependent mechanical properties and
biochemical content of native tissue (with distinct zonal organization), using HA-based
hydrogels while improving nutrient transport. Finally, based on our new understanding
of co-culture mechanisms and limitations, we fabricated micro-noodles and showed their
potential to harness the co-culture phenomenon in a clinical scenario (i.e.,
microfracture).

Collectively,

this

work

provides

additional

understanding

of

mesenchymal stem cell biology and advances and develops new technologies for
engineering cartilage tissue that will ultimately speed the translation of novel
regenerative therapies to address this widespread and debilitating condition.
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